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ABSTRACT 

Project Rulison i s  a  Plowshare experiment t o  inves t iga te  

the f e a s i b i l i t y  of nuclear explosive s t imula t ion  of natural  

gas production. The detonation of t h e  explosive took place 

on September 10 ,  1969. Production t e s t i n g  a c t i v i t i e s  w i i l  

be i n i t i a t e d  s i x  months or more a f t e r  the detonation and w i l l  

e n t a i l  f l a r i n g  of na tura l  gas containing r a d i o a c t i v i t y .  The 

radionuclides of primary i n t e r e s t  which w i l l  b e ,  released by 

production t e s t i n g  a r e  t r i t i u m  and krypton-85. 

T h i s  r epor t  p resen t s  an analysis  of t h e  publ ic  heal th  impli- 

cations of the r ad ioac t iv i ty  re leases  a s soc ia ted  with Project  

Rulison production tes t ing .  Concentrations and possible 

movement of radionucl ides  i n  ground water near the chimney 

are estimated, and potent ia l  human doses from rad ioac t iv i ty  

released t o  t h e  atmosphere during production t e s t i n g  are  

postulated. 

The ana lys is  ,presented indicates  t h a t  Pro jec t  Rulison produc- 

t ion  t e s t i n g  operat ions  can be conducted w e l l  wi thin the 

radiological  s a f e t y  guides of the Federal Radiation Council 

and Atomic Energy Commission. The postulated dose t o  members 

of the public i s  on the order of one-tenth rnrem. 



FOREWORD 

PLOW SHARE 

The mission of the Plcmshare program i s  t o  develop technology 

for  the  peaceful use of  nuclear  explosives for  t he  b e n e f i t  of 

man. Plowshare i s  a t tempting t o  obtain add i t iona l  r e t u r n  

from nat ional  resources  expended i n  developing nuclear  weapons. 

Benefi ts  can be der ived from t h e  peaceful a p p l i c a t i o n  of 

nuclear explosives,  b u t  r i s k s  from r a d i o a c t i v i t y  and o ther  

detonation e f f e c t s  a r e  inhe ren t ly  associated wi th  such app l i -  

ca t ions .  Nuclear explos ives ,  l i k e  any other engineer ing t o o l ,  

m u s t  be shown t o  y i e l d  b e n e f i t s  t h a t  outweigh t h e  costs and 

r i s k s  involved. 

PUBLIC HEALTH EVALUATION O F  PLOWSHARE PROJECTS 

Tn Ju ly  of 1969, a p r o j e c t  was i n i t i a t e d  a t  the  Southwestern 

Radiological Health Laboratory (SWRHL) i n  Las Vegas , Nevada, 
- - _  - _ . . -- ..  _. . _ -_.____- - - 

t:o evaluate public h e a l t h  a spcc t s  of peaccful a p p l i c a t i o n s  

of nuclear explosives.  Th,e SWRHL, under a Memorandum of 

Understanding between t h e  Atomic Energy Commission (AEC ) and 

the U. S. Public Health Service (PHs), conducts t he  o f f - s i t e  

rad io logica l  s a f e t y  program f o r  nuclear t e s t s .  Although 

t h i s  project  t o  eva lua te  h e a l t h  aspects  of peaceful.  app l i -  

ca t ions  of nuclear explos ives  uses competency developed 

through work performed under t h e  AEC-Memorandum of Under- 

standing, the  .p ro jec t  i s  separate  from t h a t  endeavor a n d  i s  

s o l e l y  a PHs function.  



The purpose o f  t h i s  e f f o r t  i s  t o  i d e n t i f y  and eva lua te  t h e  

r a d i o l o g i c a l  h e a l t h  i m p l i c a t i o n s  of  Plowshare p r o j e c t s .  The 

i n t e n t  is t o  review and summarize t h e  AEC s a f e t y  evaluat ion 's  

and t o  supplement them i f  n e c e s s a r y ,  I f  such AEC . eva lua t ions  

a r e  not  a v a i l a b l e  on a t i m e l y  b a s i s ,  independent eva lua t ions  .. 
w i l l  be performed u s i n g  p r e l i m i n a r y  informat ion .  

The AEC s a f e t y  e v a l u a t i o n ,  NVO-61 (38), "Pro jec t  Rulison 

Post-Shot P l a n s  and E v a l u a t i o n s ,  " w a s  no t  r e l eased  u n t i l  

December 1969. This r e p o r t  was w r i t t e n  p r i o r  t o  r e l e a s e  of 

NVO-61. P e r t i n e n t  pa ramete r s  from NVO-61 a r e  summarized i n  

Appendix H f o r  comparison w i t h  t h o s e  used i n  t h i s  r e p o r t .  

Di f ferences  between pa ramete r s  used  i n  NVO-61 and parameters 

used he re  do  n o t  change t h e  c o n c l u s i o n s  of t h i s  r e p o r t .  

iii 



SUMMARY AND CONCLUSIONS 

This report  uses preliminary information a v a i l a b l e  t o  the  

public t o  analyze the public h e a l t h  impl ica t ions  of Pro jec t  

Rulison. Concentrations and possible  movement of r ad io -  

nuclides i n  ground water near the  chimney a r e  egtimated,  and 

environmental leve ls  of radionuclides and doses t o  humans 

resu l t ing  from radioac t iv i ty  re leased  t o  t h e  atmosphere from 

production tes t ing  a r e  hypothesized. 

The following summarizes the est imated environmental e f f e c t s :  

1. Contaminated ground water i s  not expected . t o  migrate away I 
from the chimney during g a s  production s ince  gas  inflow 

w i l l  tend t o  i n h i b i t  radionuclide migration.  When move- 

ment occurs, it w i l l  be s o  slow a s  t o  a l low decay t o  

concentrations below the r a d i a t i o n  p ro tec t ion  guides  (39)  

w i t h i n  a f ract ion of a mile. 

- .  
- - -  - -  - - _ - _ - _ ~ _  - _  . -. _ .-. - - -- ~- -- - - - - -  - 

2 .  The only radionuclides .expected t o  be present  i n  de tec t -  

able q u a n t i t i ~ s  i n  f la red  gas  'during production t e s t i n g  

a re  t r i t i u m  and krypton-85. The average a i rborne  concentra- 

t ions  a r e  e x p e c t e d t o  be t h r e e  or more o rde r s  of magni- 

tude below the concentration guides  for  the genera l  popu- 

l a t ion  a t  the nearest  populated 1oca.tions ( t h r e e  m i l e s  

from the s i t e ) .  . . 

3. Tritium concentrations i n  vegeta t ion  moisture a t  locat ions  

a  few miles away may range up. t o  s e v e r a l  hundred pCi/ml of 

water and concentrations i n  milk t o  seve ra l  t e n s  of - p C i / m l .  



The p o s t u l a t e d  dose t o  members of t h e  p u b l i c  i s  on the  order  

of one- tenth  mil l i rem. . The doses  r e s u l t i n g  from i n g e s t i o n  

of f o o d s t u f f s  (milk,  v e g e t a b l e s ,  e t c .  ) may be an  order  of 

magnitude o r  more above d o s e s  from i n h a l a t i o n  o r  d r ink ing  

wa te r .  The chron ic  dose,  due  t o  t h e  r e s i d u a l  t r i t i u m  i n  

t h e  environment  a f t e r  the  peak p r o d u c t i o n  t e s t i n g  phase, 

i s  e s t i m a t e d  t o  be an order -  of  magnitude g r e a t e r  than  t h e  

a c u t e  dose  d u r i n g  the  t h r e e  -week tes t  pe r iod .  

The a n a l y s i s  presented i n  t h i s  paper  i n d i c a t e s  t h a t  t h e  P r o j e c t  
Rul i son  p roduc t ion  t e s t i n g  o p e r a t i o n  can be conducted w e l l  with- 

i n  t h e  r a d i o l o g i c a l  guides o f  t h e  FRC and t h e  AEC s tandards .  

I n  a d d i t i o n ,  t h e  environmental  s u r v e i l l a n c e  program proposed 

by t h e  SWRHL should be capab le  of d e t e c t i n g  l e v e l s  of environ- 

mental  r a d i o a c t i v i t y  w e l l  beluw the g u i d e s .  This  s u r v e i l l a n c e  

program w i l l  provide informat ion  t o  i n i t i a t e  necessary pro- 

t e c t i v e  a c t i o n s  should unexpected c i r cums tances  occur.  The 

use of s u r v e i l l a n c e  d a t a  t o  d e t e c t  t h e  need f o r  p r o t e c t i v e  

a c t i o n  w i l l  r e q u i r e  t imely  a n a l y s i s  and  r e p o r t i n g  of r e s u l t s .  



TABLE OF CONTENTS 

Paqe N o .  

Abs t rac t  

Foreword 

Summary and Conclusions 

Table of Contents 

L i s t  of Appendices 

L i s t  of Figures  and Tables  

I .  In t roduc t ion  

11. Report Objec t ives  

111. R u l i s o n  Environment 

I V .  Production Tes t ing  

V. Environmental R a d i o a c t i v i t y  

Rad ioac t iv i ty  i n  Ground Water 

Biosphere Concen t ra t ions  

T r i t i u m  

Krypton-85 

T o t a l  Dose - Acute Plus Chronic 

- -  V I  . -Environmental- Surve-ill-ance- -- - - - 
- - -  

i 

ii 

i v  

v i  

v i i  

v i i i  

References R - 1  



Appendix A - 
Appendix B - 
Appendix C - 
Appendix D - 
AppendixE - 
Appendix F - 
Appendix G - 
AppendixH - 
Appendix I - 

. LIST OF APPENDICES 

Major Basins of the  Rocky Mountain S t a t e s  

Gas D e l i v e r a b i l i t y  

Rad ioac t iv i ty  i n  Gas . 

Radioac t iv i ty  i n  Ground Water 

Meteorology and Dif fus ion  

Tr i t ium Dose Ca lcu la t ion  

Krypton-85 

summary of parameters from NVO-61 

Acute and Chronic Doses from I n g e s t i o n  of T r i t i u m  

v i i  





P r o j e c t  Rulison is  the  second of a s e r i e s  of Plowshare exper-  

iments t o  i n v e s t i g a t e  t h e  f e a s i b i l i t y  and develop t h e  t ech-  

nology for ,  nuclear  e x p l o s i v e  s t i m u l a t i o n  of  n a t u r a l  gas 

production. Several  g a s  f i e l d s  i n  t h e  U. S. c o n t a i n  l a r g e  

re se rves  which cannot be, - economica l ly  recovered wi th  conven- 

t i o n a l  well-completion t e c h n o l o g y  because t h e  gas-bearing 

formations a r e  of r e l a t i v e l y  l o w  pe rmeab i l i ty .  Severa l  

methods have been ueed i n . a t t e r n p t s  t o  s t i m u l a t e . g a s  pro- 

duct ion i n  theso lw p e r m e a b i l i t y  r e g i o n s ,  inc luding  h y d r a u l i c  

f r a c t u r i n g ,  f r a c t u r i n g  w i t h  c o n v e n t i o n a l  exp los ives ,  and t h e  

use of chemicals t o  i n c r e a s e  fo rmat ion  permeabil i ty .  These 

s t imula t ion  techniques have met w i t h  vary ing  degrees o f  

success  and. have c o n t r i b u t e d  s i g n i f i c a n t l y  t o  usable  n a t i o n a l  

r e se rves  of n a t u r a l  gas .  However, gas i n  a number o f  r e s e r -  
v o i r s  i n  Colorado and n e i g h b o r i n g  s t a t e s  ( see  Appendix A )  

cannot be recovered economical ly  w i t h  convent ional  s t i m u l a -  

t i o n  techniques,  and n u c l e a r  s t i m u l a t i o n  is being i n v e s t i -  

ga ted  f o r  poss ib le  use i n  t h e s e  r e s e r v o i r s .  

Nuclear s t i m u l a t i o n ,  l i k e  s t i m u l a t i o n  wi th  convent ional  explo- 

s i v e s ,  i s  intended t o  i n c r e a s e  t h e  e f f e c t i v e  w e l l  d i amete r  

by f r a c t u r i n g  t h e  gas -bea r ing  fo rmat ion  i n  t h e  v i c i n i t y  of , 

t h e  d r i l l  ho le .  Since a n u c l e a r  d e v i c e  i s  capable o f  r e l e a s -  

ing  much more energy t h a n  a c o n v e n t i o n a l  device of. comparable 

phys ica l  s i z e ,  t h e  n u c l e a r  ' e x p l o s i v e  can produce a much. l a r g e r  

e f f e c t i v e  w e l l  r ad ius  t h a n  i s  o b t a i n a b l e  wi th  a conven t iona l  

explosive.  Gas d e l i v e r a b i 1 . i t y  shou ld  inc rease  as t h e  ef f e e -  

t i v e  w e l l  r a d i u s  i n c r e a s k s  . 



Concepts  involved i n  t h e  e n g i n e e r i n g  u s e  of nuclear  explo- 

s i v e s  are l a r g e l y  based on e x p e r i e n c e  w i t h  underground 

n u c l e a r  t e s t i n g  a t  t h e  Nevada T e s t  S i t e .  ' S a f e t y  programs 

, f o r  t h i s  t e s t i n g  have been d e s c r i b e d  i n  r e f e r e n c e s  1 ,  2 ,  and 

3 .  

I n  P r o j e c t  Gasbuggy, t h e  f i r s t  n u c l e a r  g a s  s t i m u l a t i o n  exper- 

iment ,  a 29-kt explos ive  was d e t o n a t e d  4 ,240  f e e t  below t h e  

s u r f a c e  o f  t h e  Carson Na t iona l  F o r e s t  i n  New Mexico on 

December 10 ,  1967? The o b j e c t i v e  o f  t h i s  j o i n t  government- 

i n d u s t r y  experiment  (sponsors  were t h e  Atomic Energy Commis- 

s i o n ,  Department o f  the  I n t e r i o r ,  and t h e  E l  Paso Natural  

Gas Company) was t o  examine t h e  g e n e r a l  f e a s i b i l i t y  o f -  t h e '  

t e c h n i q u e  and  t o  provide an  i n d i c a t i o n  of  p o s s i b l e  problems 

which might  r e s u l t  from t h e  r a d i o a c t i v i t y  i n  t h e  gas .  The 

d e v i c e  used  was t o o  small  t o  produce a commercially p r o f i t -  

a b l e  w e l l  i n  t h e  chosen medium and t h e  experkment was intended 

o n l y  a s  a f e a s i b i l i t y  s tudy (5 ,  1 2 ) .  

Project R u l i s o n ,  a j o i n t  v e n t u r e  o f  t h e  A t o m i c  Energy Comis -  

s i o n ,  A u s t r a l  O i l  Company, and t h e  Department of the  I n t e r i o r ,  

was d e t o n a t e d  on September 10 ,  1969. The p r o j e c t  can be 

though t  of  a s  a l o g i c a l  s u c c e s s o r  t o  Gasbuggy. A higher  - . .. -. -- - -- - - -  . --  .~ . 

y i e l d  d e v i c e  (40 k t )  was used i n  a more promising g a s  f i e l d ,  

and i f  gas produced from t h e  s t ] i m u l a t e d  w e l l  were meant f o r  

s a l e ,  the p r o j e c t  would be commerc ia l ly  more a t t r a c t i v e  than  

Gasbuggy. There have been no  announcements of p lans  f o r  

consumer use .  of g a s  from t h e  P r o j e c t  R u l i s o n  we l l .  

The first phase of P r o j e c t  R u l i s o n  c o n s i s t e d  of exploding the  

d e v i c e  t o  f r a c t u r e  t h e  gas -bea r ing  Mesaverde Formation. The 

*Memo: Fred Holzer '(LRL) t o  D i s t r i b u t i o n ,  1/5/70; Subject :  

"Yie ld  - o f    as buggy Experiment." 



second phase of the experiment w i l l  begin about six 

months a f t e r  the detonation.  This de lay  w i l l  a l low decay 

of most of the radioactive f i s s i o n  and a c t i v a t i o n  products. 

A t  t h i s  time the cavi ty  w i l l . b e  re-entered by " d r i l l  back" 

operations, and a  period of gas  a n a l y s i s  and con t ro l l ed  pro- 

duction t e s t ing  w i l l  begin,  The primary ob jec t ive  of produc- 

t ion t e s t ing  i s  t o  determine t h e  degree of s t imula t ion  

achieved. Another objec t ive  i s  t o  determine t h e  f a t e  of the 

radioact ivi ty  remaining from t h e  nuclear  detonat ion,  the  

f ract ion available for  r e l e a s e ,  and t h e  r a t e  of r e l ease .  A 

subsequent phase, not discussed i n  t h i s  r e p o r t ,  may involve 

d is t r ibut ion  of the n a t u r a l  gas  and consumer use of the  gas 

a f t e r  possible processing and/or mixing with  gas  from non- 

nuclear wells.* The Publ ic  ~ e a l t h  Service and seve ra l  other  

agencies a re  inves t iga t ing  poss ib le  impl ica t ions  t o  the  

general population from t h e  use of such gas.  

*There i s  speculation about . possible  d i s t r i b u t i o n  and use 

of the gas from Rulison (Business Week, August 1 ,  1970, p. 

2 2 ) .  However, c r i t e r i a  have,not ye t  been es t ab l i shed  fo r  

use of na tura l  gas containing r a d i o a c t i v i t y  from nuclear  

stimulation. Any use or  d i s t r i b u t i o n  w i l l  be poss ib le  

only with the  expressed consent and approval of t h e  AEC. 

(This footnote was added with t h e  second p r i n t i n g  i n  

August 1970. ) 



11. REPORT OBJECTIVES 

  his r e p o r t  presents  an  a n a l y s i s  of the  public health impli- 

cat ions  o f  r a d i o a c t i v i t y  produced by t h e  Rulison explosion, 

both t h a t  introduced i n t o  t h e  hydrologic  environment by the 

explosion and ' t h a t  introduced i n t o  the  biosphere by f l a r i n g  

gas during production t e s t i n g .  The repor t  includes a b r i e f  

descr ip t ion  of proposed production t e s t i n g  operations and a 

review of e x i s t i n g  plans f o r  an environmental surveil lance 

program f o r  production t e s t i n g .  I t  is hoped t h a t  the report  

w i l l  provide information t o  . a s s i s t  o f f i c i a l s  i n  s t a t e  and 

loca l  h e a l t h  departments and o the r  agencies  i n  planning for 

public s a f e t y  operat ions  r e l a t e d  t o  production tes t ing .  

Much of t h e  information necessary f o r  predic t ing  environ- 

mental e f f e c t s  was not a v a i l a b l e  t o  the  publ ic  when t h i s  

report  was w r i t t e n ,  and many of the predic t ions  i n  t h i s  

report  a r e  based on prel iminary da ta  or assumptions. 

. . -. 
- - _ _ _ - _  _ _  - _ ._ . - .~. - -. -- - - --- - - 

~ h e  --radionuclides of primary i n t e r e s t  from production t e s t -  

ing operat ions  a r e  t r i t i u m  and krypton-85. Strontium-90 and 

cesium-137 were a l s o  considered i n  t h e  ground water analysis .  

Low l e v e l s  of rad ionucl ides  such a s  carbon-14, argon-37 and 

argon-39 may a l s o  be present  i n  the f l a r e d  gas ,  but the quan- 

t i t i e s  produced and t h e i r  b i o l o g i c a l  s igni f icance  are  such 

t h a t  they a r e  not considered to'-be of primary concern t o  

public .hea l th .  

The expectat ion t h a t  concent ra t ions  of radionuclides other 

than t r i t i u m  and krypton-85 w i l l  be small  is  largely based 

on experience from Gasbuggy. The reasons , f o r  the absence of.  



various rad ionuc l ides  from the  n a t u r a l  g a s  inc lude  ( 1 , 3 0 , 3 1 )  : 

A. Non-gaseous r ad ionuc l ides  a r e  e s s e n t i a l l y  . t rapped i n  

the  melt a t  t h e  bottom of t h e  c a v i t y .  

B. The six-month d e l a y  p r i o r  t o  c a v i t y  re -en t ry  a l l ows  

for  decay of t h e  s h o r t - l i v e d  r ad ionuc l ides .  

However, Gasbuggy da t a  a r e  based on non-detect ion i n  samples 

t h a t  were g e n e r a l l y  c o l l e c t e d  f o r  purposes o t h e r  t han  quan t i -  

t a t i n g  f i s s i o n  and a c t i v a t i o n  products  (30) . ~ h u s ,  whi le  t h e r e  

i s  reasonable c e r t a i n t y  t h a t  concen t r a t i ons  of f i s s i o n  and 

ac t iva t ion  produc ts  such as  1 3 7 ~ s  and ' O S ~  w i l l  be ve ry  

small compared t o  c o n c e n t r a t i o n s  of t r i t i u m  and krypton and 

w i l l  consequently be o f  l i t t l e  s i g n i f i c a n c e  t o  p u b l i c  h e a l t h ,  

the  p o s s i b i l i t y  of ' t h e i r  presence should n o t  be ignored. 

Samples of t h e  chimney g a s  should be analyzed f o r  f i s s i o n  

and a c t i v a t i o n  products  and t h e  environmental  s u r v e i l l a n c e  

program should no t  assume t h e i r  absence.  Because o f  t h e  very  

small chance of  t h e  presence of  f i s s i o n  and a c t i v a t i o n  prod- 

uc t s ,  other t han  t r i t i u m  and 8 5 ~ r ,  t h e y  w i l l  no t  be . 

fu r the r  c 'ons idera t ion i n  t h i s  repor t . .  

The l ike l ihood  of a  massive w e l l  blow-out du r ing  r e d r i l l i n g  

i s  very low, bu t  a very  sma l l  p o s s i b i l i t y  does e x i s t .  The 

consequences of such a n  e v e n t  w i l l  no t  be - d i r e c t l y  eva lua ted  

i n  t h i s  r e p o r t .  However, t h e  pos tu l a t ed  r e l e a s e  dur ing nor- 

mal production t e s t i n g  o p e r a t i o n s  amountb t o  70% of t h e  8 5 ~ r  

and t r i t i u m  i n  t h e  c a v i t y  and t h e  AEC has  prepared dose es t i -  

mates fo r  a  "maximum I lypo the t i ca l  acc iden t "  ( 3 8 ) ,  which is  

summarized i n  Appendix H. The envirczrlmental s u r v e i l l a n c e  

program and t h e  o f f - s i t e  s a f e t y  progra,n must be p red i ca t ed  

on t he  p o s s i b i l i t y  of such a n  even t .  



111. RULI  SON ENVIRONMENT 

Figure 1 i n d i c a t e s  the  geographical  l o c a t i o n  of  the  Rulison 

si te.  Figure 2 i s  a map g iv ing  the  population d i s t r i b u t i o n  

of t h e  s e c t i o n  of western Colorado surrounding 

and centered on t h e  Rulison s i te .  Morrisania Mesa, the 

populated a r e a  c l o s e s t  t o  t h e  s i t e ,  i s  loca ted  about three 

miles  northwest of  sur face  ground Zero (SGZ). Grand Valley, 

a town of about 300 r e s i d e n t s ,  i s  about s ix  miles  t o  the 

northwest. Morrisania Mesa is p r imar i ly  an a g r i c u l t u r a l  

community. A g r i c u l t u r a l  production inc ludes  seve ra l  types 

of f r u i t ,  sheep, beef c a t t l e ,  and smal l  q u a n t i t i e s  of milk. 

Important t e r r a i n  f e a t u r e s  a r e  ind ica ted  schematical ly  i n  

Figure 3. Elevat ions on t h e  f igure  a r e  given i n  thousands 

of f e e t  above mean sea l e v e l  ( 1 K  = 1,000 f e e t ) .  Movement of 

a i r  away from Rulison SGZ is pr imar i ly  c o n t r o l l e d  by three 

wind regimes. Valley drainage winds and d a i l y  upslope winds 

i n  both t h e  Battlement Creek Valley and the  C-olorad-0-Riyer - _  - - - - - - -  -- 
- _ _  - _ - - -  - - -  - - -  -- - - -  - 

- - -  
Valley comprise two sepa ra te  wind regimes. Regional gradient  

winds, t h e  t h i r d  regime, blow g e n e r a l l y  t o  t h e  east-north-  

e a s t  above the  topographical  f e a t u r e s  throughout the year. 

The meteorology is  described i n  g r e a t e r  d e t a i l  i n  Appendix 

E. 



FIGURE 1 INDEX MAP OF PROJECT RULISON SITE 
(from reference 25) 



Rulison Population Summary 
* Blank Secton lndicah No Population. 



FIGURE 3 Rulison Area Wind Regimes 
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IV. PRODUCT I O N  TESTING 

To e s t ima te  the  a b i l i t y  o f  t he  Rulison chimney-fracture system 
t o  d e l i v e r  gas  t o  a  pipe'line, production tests  w i l l  be performed. 

Gas w i l l  be re leased  from' the  wellhead .under c o n t r o l l e d  con- 

d i t i o n s ,  and t h e  r e l a t i o n s h i p  between the  formation p r e s s u r e ,  

t h e  bottom-hole pressure  i n  t h e  w e l l ,  and t h e  f l w r a t e  of  g a s  

w i l l  be used t o  es t imate  t h e  s t a b i l i z e d  d e l i v e r a b i l i t y  of  t h e  

w e l l .  Production t e s t i n g  has  t h e  a d d i t i o n a l  purpose of purg- 

i n g  t h e  chimney of r a d i o a c t i v i t y .  

P r o j e c t  Rulison was in tended t o  s t imula te  gas  product ion 

by c r e a t i n g  a  l a rge  e f f e c t i v e  w e l l  rad ius .  For nuclear  

s t imu la t ion ,  t h e  e f f e c t i v e  w e l l  r a d i u s  i s  approximately t h e  

r a d i u s  of  i n t e n s e  dynamic f r a c t u r i n g .  Equation B-1 i n  

Appendix B i s  a  s impl i f i ed  express ion  fo r  t h e  r a d i a l  flow of 

g a s  i n t o  a w e l l  under s t eady- s t a t e  condi t ions .  Examination 

of t he  equat ion i n d i c a t e s  t h a t  t h e  g a s  d e l i v e r a b i l i t y  should 

inc rease  a s  the  e f f e c t i v e  w e l l  diameter  i nc reases .  Pre-shot - _ - _ 
_ _  _ _ 

p r e d i c t i o n s - ~ £  g e o l o g i c  e f f e c t s  from P r o j e c t  Rulison i n d i -  

ca t ed  t h a t  a sphe r i ca l  c a v i t y  w i t h  a r a d i u s  of approximately 

80 f e e t  would be formed i n i t i a l l y ,  followed by c a v i t y  c o l l a p s e  

t o  form a  rubb le - f i l l ed  chimney approximately 370 f e e t  h igh.  

The rock surrounding t h e  chimney would be f r a c t u r e d  

t o  a r a d i u s  of about 370 f e e t  from t h e  de tona t ion  p o i n t  ( 2 0 ) .  

Avai lab le  information on t h e  r e s e r v o i r  c h a r a c t e r i s t i c s  o f .  

t h e  Rulison f i e l d  and t h e  p red ic t ed  geologic  e f f e c t s  of t h e  

de tona t ion  a r e  used i n  Appendix B t o  e s t ima te  t h e  s t a b i l i z e d  

d e l i v e r a b i l i t y  of  the chimney-fracture system from Equation 

B-1. Use of t he  equat ion r e q u i r e s  the assumptions t h a t  t h e  



l a t e r a l  extent  of the  paying sandstone l enses  penetrated by. 

the chimney-fracture system i s  la rge  compared t o  t he  h o r i -  

zontal  extent  of intense dynamic f r a c t u r i n g  and t h a t  t h e s e  
sandstone lenses a re  of uniform th ickness .  The assumption 

m u s t  a l s o  be made t h a t  t h e  r e se rvo i r  parameters measured i n  

the exploratory hole R-EX (285 f e e t  southeast  of  the emplace- 

ment h o l e )  are  c h a r a c t e r i s t i c  of the  paying sandstone l enses  

for  severa l  hundred f e e t  i n  a l l  h o r i z o n t a l  d i r e c t i o n s  from 

the detonation point ,  Data reported by t h e  USGS i n d i c a t e  

t h a t  these assumptions a r e  reasonable (11). 

Based on available information and t h e  above assumptions, 

the s t ab i l i zed  absolute open flow* d e l i v e r a b i l i t y  of t h e  

chimney-fracture system i s  estimated t o  be approximately 
' 6  5.5 x 10  cubic f e e t .  per day, NTP**; the  maximum poss ib le  

s t a b i l i z e d  open flow d e l i v e r a b i l i t y  i s  est imated a t  15 x 10 6 

ft3/day, NTP. 

Wells a r e  not commonly t e s t e d  by open flow measurements, 

however, and the maximum f l a r i n g  r a t e  w i l l  be d i f f e r e n t  from 

expected s tab i l ized  open flow d e l i v e r a b i l i t y .  ' I n i t i a l  f l a r -  

ing r a t e s  can be higher than  the s t a b i l i z e d  open flow r a t e  

predicted by Equation B-1, s ince the volume of gas  contained 

i n  the  chimney void space is  la rge  compared t o  the f l a r i n g  

r a t e .  I n i t i a l l y  a t  l e a s t ,  f l a r i n g  g a s  from the  chimney w i l l  

be analogous t o  r e l eas ing  gas  from a ' large tank. 

Gasbuggy created a chimney wi th  a void volume o f  approxi- 

mately 2 . 1  x lo6  cubic f e e t .  After  chimney e q u i l i -  

brated with formation pressure ,  the  volume of gas  i n  place 

in  the  chimney was approximately 1 . 2  x lo8 cubic f e e t  

*The term "absolute open flow" i s  defined i n  Appendix B. 

**NTP i s  an abbreviation f o r  "normal temperature and pressure ,  " 
60°F and 14.7 psia .  



(correc' ted t o  NTP) ( 1 2 ) ;  t h e  i n i t i a l  s t a b i l i z e d  open flow 

d e l i v e r a b i l i t y  was e s t i m a t e d  from p r o d u c t i o n  t e s t i n g  t o  be 
6  2 . 8  x  10  c u b i c  f e e t  per  day (NTP) ( 4 ) .  T h i s  was es t ima ted  

by measuring t h e  r a t e  of d e c l i n e  of bottom-hole p ressu re  

while  f l a r i n g a t  5 x l o 6  f t3 /day  (NTP), measuring t h e  subse-  

quent  i n c r e a s e  i n  bottom-hole p r e s s u r e  w h i l e  f l a r i n g  a t  0 .75 
6 3  x  10  f t  /day, and u s i n g  a s t r a i g h t - l i n e  i n t e r p o l a t i o n  between 

t h e  two o b s e r v a t i o n s  t o  p r e d i c t  t h e  f low-ra te  a t  which bottom- 

hole  p r e s s u r e  would remain c o n s t a n t .  A back-pressure curve  

was then  used t o  c a l c u l a t e  t h e  e q u i v a l e n t  open-flow r a t e  ( 4 ) .  

Plans £or p r o d u c t i o n  t e s t i n g  o f  R u l i s o n  have n o t  y e t  been 

announced, b u t  t h e  assumption t h a t  R u l i s o n  t e s t i n g  w i l l  

fol low t h e  p a t t e r n  adopted  f o r  Gasbuggy seems reasonable? 

Th i s  would i n d i c a t e  a n  i n i t i a l  f l a r i n g  r a t e  o f  twice the  open 

flow d e l i v e r a b i l i t y ,  o r  a n  expec ted  r a t e  o f  approximately 11 
3 3  x  l o 6  f t  /day w i t h  a p o s s i b l e  maximum r a t e  o f  30 x l o 6  f t  /day. 

Tables  of t h e  q u a n t i t i e s  of  r a d i o n u c l i d e s  produced by t h e  

Rulison e x p l o s i o n  and c a l c u l a t i o n s  f o r  p r e d i c t i n g  t h e  r e s u l t -  
85  

ing c o n c e n t r a t i o n s  o f  t r i t i u m  and K r  i n  t h e  n a t u r a l  gas 
-. - - - - - - - - - - - --- -- -- - -- - 

are given i n  Appendix C.  The c o n c e n t r a t i o n s  a r e  based on 

t h e  assumption tha . t  r a d i o a c t i v i t y  produced by t h e  explos ion  

w i l l  be d i l u t e d  i n  t h e  g a s  c o n t a i n e d  i n  t h e  chimney. The 

8 5 ~ r  c o n c e n t r a t i o n  i n  n a t u r a l  g q s  is e s t i m a t e d  t o  be about  

1.4 . x  u ~ i / c m 3  when p r o d u c t i o n  t e s t i n g  is i n i t i a t e d .  The 

t r i t i u m  c o n c e n t r a t i o n  i n  n a t u r a l  g a s  a t  t h e  i n i t i a t i o n  of 
-4 product ion  t e s t i n g  i s  expec ted  t o  range  from 0 .7  x 1 0 .  

. . 
uci/cm3 t o  15  x I L ~ i / c m 3  based  on t h e  c a l c u l a t i o n s  of 

Appendix C.  

*Plans f o r  p r o d u c t i o n  t e s t i n g  have been  announced ( r e f e r e n c e  3 8 ,  

see  Appendix H), b u t  do  n o t  a f f e c t  t h e  c o n c l u s i o n s  of t h i s  s e c t i o n .  



V. ENVIRONMENTAL RADIOACTIVITY 

To evaluate the  implicat ions t o  man of r e l e a s i n g  r ad ioac t iv -  

i t y  t o  the environment, t h e  r e su l t i ng  contamination t o  t h e  

t o t a l  environment m u s t  be examined and t h e  subsequent t r a n s -  

por t  of the po l lu tan ts  t o  man and a s soc ia t ed  r a d i a t i o n  dose 

t o  man m u s t  be estimated. The genera l  approach used i n  a n a l -  

ysis of environmental r e l e a s e s  and t h e i r  impact on man 

corresponds t o  the diagram belaw: 

SOURCE TERM I 

ENVIRONMENTAL TRANSPORT 
( including d i spe r s ion )  

1 
/ 

INTERACTION OF EFFLUENT WITH VARIOUS , I I PHASES OF THE ENVIRONME%T (e .g. , DEPOSITION ( 
I AND UPTAKE INTO FOOD CHAINS) 1 

INTAKE BY MAN 

OF E&VIRONMENTAL/MEDIA I] 
PRODUCT/ S~:ATION OF ABOVE PARAMETERS 

(external ,  a i r ,  water, food) 

Dose--Relate t o  qu ide  value  .. 



To a s s e s s  t h e  h e a l t h  impl ica t ions ,  the est imated dose m u s t  

be compared wi th  a  publ ic  hea l th  guide (e.g. ,  radiat ion pro- 

1 . t e c t i o n  guides) .*  The eva lua t ion  must. include a  summation 
of t h e  var ious  r e l a t e d  doses (e .g. ,  a l l  doses t o  a  par t icu lar  

organ) .  For ins t ance ,  poss ib le  pathways f o r  t r i t i u m  include: 

1. inha la t ion  and uptake through the sk in  from a i r ,  

2 .  inges t ion  of contaminated food products (vegetation, 

m i l k ,  etc . ) , and 

I 3. inges t ion  of  water.  

Doses from a l l  pathways must. be summed t o  determine the dose 

t o  t h e  organ o f  i n t e r e s t .  

Rad ioac t iv i ty  i n  t h e  environment i s  considered i n  two sections : 
-. 

1. Concentrations and mov.ement of  radionuclides i n  ground water. 

2. Environmental concentrat ions  r e su l t ing  from surface re leases .  

*The philosophy of the  P H s  group for the  evaluation of' Plow- 

share  p r o j e c t s  is t o  use t h e  r ad ia t ion  protect ion guidelines 
-- - - -- -- - -  - - - - - - -  -- -- -- - -- - 

of t h e  Federal  Radiation Council ( 3 7 ) .  The FRC recommenda- 

t i o n s  a r e  genera l ly  given i n  terms of dose guides for par t ic -  

u l a r  organs r a t h e r  than  a s  concentration guides for  spec i f ic  

r ad ionuc l ides  i n  p a r t i c u l a r  compartments of the environment 

(milk i s  an  except ion where the FRC has given concentration 

g u i d e s ) .  Where concent ra t ion  guides a r e  needed, the , 

s t andards  i n  AEC Manual ,. Chapter 0524, a re  referenced. 

The recommen'dations of  Chapter 0524 'are e s s e n t i a l l y  the same 

a s  those of  T i t l e  10, Code of Federa?- Regulations, Part  20. 

Both g e n e r a l l y  follow the  rscommendations of the FRC. AEC 

Manual Chapter 0524 is appl icable  t o  p ro jec t s  conducted 

under c o n t r a c t s  o r  agreements wi th  the AEC, .  and 10 CFR 20 

a p p l i e s  ' t o -  'operations conducted under . a  l icense  arrangement. 

1 4  
m R N  r0 O O W  TECHNICAL INFORMATION 

RESOURCE CENTER 



RADIOACTIVITY I N  GROUND WATER 

I so topes ,  Inc. ,  an AEC s a f e t y  con t rac to r ,  predicted concen- 

t r a t i o n s  and movement of radionucl ides  i n  water for the 

Rulison detonation and concluded t h a t  the  occurrence of 

l e v e l s  of r a d i o a c t i v i t y  exceeding the  appl icable  concentra- 

t i o n s  guides  was not l i k e l y  a t  any use po in t  (15) .  The 

neares t  use poin t  for  ground water i s  the  r u r a l  community 

of Morrisania Mesa, approximately t h r e e  miles  from the deto- 

nation po in t ,  where the  major sources of water for domestic 

use a re  shallow w e l l s  penetrat ing alluvium (11) . Morrisania 

Mesa l i e s  approximately 6,000 f e e t  above t h e  detonation 

point ,  and almost the  e n t i r e  th icknesses  of the Mesaverde 

and Wasatch Formations sepa ra te  t h e  water-bearing alluvium 

from t h e  Rulison chimney. Movement of radionuclides from 

the  chimney t o  the  alluvium is very improbable. Movement 

of radionucl ides  t o  the  Colorado River ,  which l i e s  about 

5,000 f e e t  above the chimney and a t  l e a s t  f i v e  miles d i s t a n t ,  

i s ,  a l s o  unl ikely.  

While g a s  is being re l eased  from t h e  w e l l ,  hydraulic grad- 

i e n t s  i n  the  formation surrounding the  chimney w i l l  drive 

water t w a r d  the  chimney because chimney pressure w i l l  be 

lower than t h e  pore pressure  of the  formation. Until  gas 

production from t h e  w e l l  ceases ,  no migration of radio- 

a c t i v i t y  away from t h e  chimney i s  expected. 

The a n a l y s i s  given i n  Appendix D ind;cates t h a t  the trans- 
. . 

por t  of r a d i o a c t i v i t y  by ground water from the  Rulison chim- 

ney t o  any ground water use poin t  i s  zxtremely unlikely. 

BIOSPHERE CONCENTRATIONS 

The scope of this sec t ion  is l imi ted  t o  consideration of tri t-  

ium and 85~r. Other radionucl ides  which may be released 



include l 4 c ,  3 7 ~ 1  and 3 9 ~ .  However. because  of  t h e  corn- 

b i n a t i o n  of  t h e  smal l  c o n c e n t r a t i o n s  o f  t h e s e  n u c l i d e s  ex- 

pected t o  be p resen t  i n  t h e  g a s  and t h e i r .  r e l a t i v e  b i o l o g -  

i c a l  s i g n i f i c a n c e  compared t o  t r i t i u m  and 8 5 ~ r ,  t h e s e  t h r e e  

nuc l ides  w i l l  no t  be cons ide red .  

The t r a n s p o r t  of a i r b o r n e  e f f l u e n t  from t h e  R u l i s o n  s i t e  i s  

a f f e c t e d  by t h r e e  wind reg imes ;  t h e  B a t t l e m e n t  Creek d r a i n -  

age and upslope-winds and t h e  upper  l e v e l  o r  r e g i o n a l  g rad-  

i e n t  winds. The Bat t lement  Creek n i g h t t i m e  d r a i n a g e  winds  

flow i n t o  t h e  Colorado Rive r  V a l l e y  d r a i n a g e  wind regime. 

The e f f e c t i v e  s t a c k  h e i g h t  or plume r i s e  w i l l  de termine  

what f r a c t i o n  of t h e  e f f l u e n t  i s  t r a n s p o r t e d  i n  each  o f  , t h e s e  

regimes. Based on t h e  i n f o r m a t i o n  i n  S e c t i o n  I11 and Appen- 

d i x  E ,  it i s  assumed t h a t  t h e  m a j o r i t y  o f  t h e  e f f l u e n t  w i l l  

r i s e  above t h e  l o c a l  t e r r a i n  t o  be t r a n s p o r t e d  b y ' t h e  r e g i o n a l  

g r a d i e n t  winds. P r e v a i l i n g  d i r e c t i o n  o f  t h e  g r a d i e n t  winds  

i s  toward t h e  ENE. I t  i s  l o g i c a l  t o  assume t h a t  a f r a c t i o n  

of  t h e  e f f l u e n t  w i l l  a l s o  be- e n t r a i n e d  i n  t h e  Ba t t l ement  

Creek Valley flow ( see  Appendix E ) .  T h i s  would r e s u l t  i n  

t h e  s h o r t e s t  poss ib le  t r a n s p o r t  d i s t a n c e '  (about  t h r e e  m i l e s )  

t o  a  populated l o c a t i o n .  

. ~ ~ .~ . . ~ - - - - ~ - -  - - - . - -- ~- - ~ . ~  - - . 

The many assumptions which must be made i n  e s t i m a t i n g  t h e  

doses t o  humans which might  r e s u l t  from R u l i s o n  p r o d u c t i o n  

t e s t i n g  make d i f f i c u l t  any  t r u l y  a c c u r a t e  e s t i m a t e s .  E s t i -  ~ 
mates developed i n  t h e  f o l l m i n g  s e c t i o n  should  be regarded  ~ 
a s  rough dosage approximat ions .  The d i s c u ~ s i o n  o u t l i n e s  t h e  ~ 
poss ib le  pathways f o r  d o s e s  t o  humans from # r a d i o a c t i v i t y  ~ 
r e l e a s e d  during p roduc t ion  t e s t i n g .  h e  o b j e c t  i s  t o  e s t i -  

mate doses  which miqht be  expec ted  t o  occur  r a t h e r  t h a n  

maximum c r e d i b l e  doses.  



Downwind surface concent ra t ions  of t r i t i u m  can be es t imated 
3 by assuming a  f l a r i n g  r a t e  of  2 .  x  l o 7  f t  /day (NTP) and a  - 

t r i t i u m  concentrat ion i n  the  chimney gas of about 4 2  1 ~ ~ i / f t j  
3 (1.5 x p ~ i / c m  ; see Appendix C )  , e q ~ i v a l e ~ t  t o  an a c t i v -  

3 i t y  re lease  term of about 9.7 x 10 p.Ci/sec. ' Assuming a con- 

s t a n t  dispers ion c o e f f i c i e n t  f o r -  the  range from two t o  t e n  

miles downwind, a s  discussed i n  Appendix E ,  t h e  expected 

average t r i t i u m  concent ra t ion  i n ' t h i s  d i s t ance  range would 
- - 

then be on the order  of 3  x 10 -I1 v ~ i / c m 3  of a i r  ( s h o r t  t e r m  

concentrations -may be up t o  seve ra l  o rde r s  of magnitude above 

t h i s )  .* .The f igure  of 3x10 -11 1 ~ ~ i / c r n ~  is  seve ra l  thousand times 

I 
- 

3 l e s s  than the  concent ra t ion  guide of 7 x pCi/cm recom- 

mended by AEC MC-0524 (39) f o r  a s u i t a b l e  sample of  t h e  popu- 
l a t i o n  ( indiv idual  guides  divided by 3 a s  suggested by FRC). 

The f igure  of 3 x  10 -I1 p ~ i / c m 3  is the est imated average 

concentration over a  period of days t o  weeks and is  based on 

an assumed continuoua r e l e a s e  a t  the  maximum expected f l a r i n g  

r a t e  and t r i t i u m  concentrat ion.  The i n i t i a l  t r i t i u m  concen- - 
t r a t i o n  i n  the gas  could w e l l  be a s  l i t t l e  a s  f i v e  percent  

of the average value assumed and w i l l  decrease with t h e  

volume of gas  f l a r e d .  
1 
I 
I An adul t  b rea th ing  a i r  conta in ing  a t r i t i u m  concent ra t ion  of 

3 x 10-l1 vci/cm3 f o r  24 hours  a  day f q r  10 days would 

receive an inha la t ion  dose o f  6 x 1~~~ rem f o r  an adult .** 

*The nearest .  population t o  t h e  s i t e  i s  t h r e e  miles .  The 

dispers ion c o e f f i c i e n t  ,of 3 x lo-' sec/rn3 i s  based on c r o s s -  

wind averaging i n  t h e  predominant wind s e c t o r .  

**The present  proposals  involve f l a r i n g  t h r e e  days and then 

shut t ing  i n  t h e  w e l l  f o r  about a  week. Three high volume 

f l a r i n g  per iods a r e  contemplated (9  days of f l a r i n g  over appro- 
imately a  three-week per iod;  considered t o  be 1 0  days of f l a r i n g  

t o  include i n i t i a l ' t e s t s ) .  
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Thi s  is 3 . x  l o5  t imes  l e s s  t h a n  t h e  FRC guide  of  0.17 rem 

pe r  yea r .  1.f it i s  assumed t h a t  a  person r e c e i v e s  .an equiv- 

a l e n t  dose from t r i t i u m  uptake through t h e  s k i n ,  (29,32 ) then 

t h e  dose would be about  1.2 x l ow6  tern. T h e i n h a l a t i o n  dose 

f o r  an  i n f a n t  i s  about  h a l f  of t h a t  f o r  an a d u l t  and t h e  

combined i n h a l a t i o n  p l u s  s k i n  dose i s  about  40% of t h a t  fo r  

an a d u l t .  * I t  i s  u n l i k e l y  t h a t  t h e  exposure from i n h a l a t i o n  

w i l l  approach a s i g n i f i c a n t  f r a c t i o n  of t he  gu ides .  

The c a l c u l a t i o n  f o r  dose pe r  pCi i n t a k e  of t r i t i u m  i s  indi-  

c a t e d  i n  Appendix F. 

The fol lowing d i s c u s s i o n  develops  a n  e s t i m a t e  o f  p o t e n t i a l  

t r i t i u m  uptake through food and wa te r :  

Following t h e  '~ovember  1968 produc t ion  t e s t i n g  of Gas- 

buggy, t h e  t r i t i u m  c o n c e n t r a t i o n  i n  vege t a t i on  ranged 

3  * I n f a n t  b r e a t h i n g  r a t e  5  m /day (41)  3  .1 day teff in fan t  
X 8 

3 X 
Adul t  b r e a t h i n g  r a t e  20 m /day (33)  10 day teff a d u l t  

1 

- _ _ _ _ _  _ -- - _ -  - _ _ _  . -__ ._  - . - ..._ __. ..._ . - -  - - - - - -  - - -  -- - 
Adul t  body weight  70 kg (33) 

= 0.5 
I n f a n t  body weight  1 0  kg (40) . 
To e s t i m a t e  t h e  r e l a t i v e  uptake through t h e  s k i n ,  assume 

t h e  r e l a t i v e  uptake i s  p r o p o r t i o n a l  t o  t h e  s k i n  a r e a  and 

t h a t  t h e  s k i n  a r e a  can  be re1ate.d t o  t h e  body mass t o  the  

2/3 power ( m a s s  i s  a func t ion  of  l e n g t h  cubed, whereas, 

a r e a  i s  a f u n c t i o n  of  l e n g t h  s q u a r e d ) ,  There fore ,  t h e  

t r i t i u m  uptake through'  t h e  s k i n . o f  an  i n f a n t  i s  (10/70) 2/3 

= 0.27 t imes  t h a t  of  an a d u l t .  



u p  t o  36 pCi/ml of moisture.* Based on t h e  proposed 

f l a r i n g  parameters  f o r  Rul ison,  it is es t imated  t h a t  

t r i t i u m  concen t r a t i ons  i n  vege t a t i on  moisture i n  the  

Rul ison a r e a  may range up t o  an  o rde r  of  magnitude 

h i g h e r ,  Assuming t h a t  a  person d a i l y  consumes 220 grams 

of v e g e t a t i o n  grown a t  t h e  p o i n t  o f  maximum concent ra t ion  
, 

and t h a t  t h e  average vege t a t i 6n  mois ture  c o n t e n t  is  0.9 

ml/g, a person would i n g e s t  about  0.07 yCi of t r i t i u m  

pe r  day. Inges t ion  a t  t h i s  l e v e l  corresponds  t o  a  dose 

for a n  a d u l t  o f  .about 7 x rem f o r  each day of 

i n g e s t i o n .  

Concent ra t ions  o f .  t r i t i u m  i n  milk would be roughly an 

o rde r  of magnitude less than  concen t r a t i ons  i n  vege- 

t a t i o n  mois tu re  because of d i l u t i o n  by t h e  caws' drink- 

i n g  water.** Thus, a person d r ink ing  one l i t e r  of milk 

p e r  day would i n g e s t  about  0.04 v C i  of t r i t i u m  per  day. 

The e s t i rnated long-term average a i r b o r n e  t r i t i u m  concen- 

t r a t i o n  is  3 x lo-'' p ~ i / c m 3 ,  whereas, t h e  short-term 

a i r  concen t r a t i ons  (minutes t o  hours )  may be s e v e r a l  

*In  June and J u l y  of 1968, approximately 6 x lo7 f t 3  (NTP) 

of  g a s  w i t h  a t r i t i u m  concen t r a t i on  between 10-17 pCi / f t  3 

( concen t r a t i on  decreased wi th  time ) w a , s  f l a r e d .  .The well-  

head was then  s h u t  i n  u n t i l  November, when f l a r i n g  began a t  - - 
3 a f lowra t e  of  3.5 x lo6  f t  /day, wi th  a concen t r a t i on  of 

1 0  p ~ i / f t s  ( 2 8 ) .  One vege t a t i on  sample conta ined 36 pCi/ml 

of t r i t i u m  i n  moisture ; concen t r a t i ons  i n  a l l  o t h e r  samples 

were l e s s  t h a n  h a l f  ?f t h i s  va lue .  

**This assumes a cow r ece ives  only  0.1 of i t s  water  from 

vege ta t i on .  



orders of magnitude higher .  * The long-term average con- 

centrat ion corresponds t o  a s p e c i f i c  a c t i v i t y  of t r i t i u m  

i n  condensed atmospheric moisture of about 10  pCi/ml.** 

The short-term average a i r  concent ra t ion  corresponds t o  

a concentration of l o 4  p C i / m l  i n  moisture. Thus, the  

previously es t imated concen t ra t ion  of 36.0 pCi/ml of p l a n t  

moisture does not appear unreasonable. 

It i s  d i f f i c u l t  t o  conceive of a reasonable mechanism 

whereby l a r g e  volumes of water used f o r  human consump- 

t ion  could become contaminated t o  l e v e l s  equal  t o  t h e  

spec i f i c  a c t i v i t y  of  t h e  t r i t i u m  i n  atmospheric. mois ture ,  

If the water contained, 1/10 of t h e  average s p e c i f i c  

a c t i v i t y ,  a person dr inking  2,200 ml/day would i n g e s t  

about 0.002 p.Ci per day of t r i t i u m .  + 

The estimated t r i t i u m  in take  through inha la t ion  and s k i n  

absorption i s  about 0.001 p.Ci per  day assuming a n  average 
3 t r i t i um concent ra t ion  i n  a i r  of . 3 x 10-l1 v C i / c m  . 

- 
*Using Pasqui l l  D cond i t ions ,  7 mph wind speed, and a ground 

- l eve l  - --_- r e l ease ,  __ - -  t he  _ _ - s h o r t  -- term concentrat ion a t  3 miles  (over 
-- -- - -- -- - _-_ - -- _ _ - - - -  

a period of minutes) a t  t h e  nea res t  downwind populated 
3 location would be about lo-* p.~i/cm . 

**Assuming temperature -o f  50' F, r e l a t i v e ,  humidity of  40%, 

and barometric pressure  of  750 mb, and t h a t  a l l  t r i t i u m .  . . is 

present a s  HTO. 

+ Battlement Creek i s  used t o  p e r i o d i c a l l y  . f i l l  c i s t e r n s  used 

for potable water .  The !WRHL su rve i l l ance  program (Section 

V I  ) includes appropr ia te  sampling. Should the c reek  become 

contaminated by r a i n  scavenging, appropria te  a c t i o n  can be 

taken. 



The t o t a l  t r i t i u m  i n t a k e  ' ( f o r  an a d u l t )  from ' t h e  previous ly  

mentioned pathways is: 

I n h a l a t i o n  and s k i n  

Vege ta t ion  

Milk 

Water** 

This  is  e q u i v a l e n t  t o  a  dose  of  a b o u t  rem per day of 

exposure f o r  a n  a d u l t  and  a b o u t  t h e  same o r  s l i g h t l y  l e s s  
+ 

f o r  an i n f a n t .  

Assuming a f l a r i n g  f l o w r a t e  of 2 x  lo7 ft3/day (NTP) and a  
9 

krypton-85 c o n c e n t r a t i o n  i n  t h e  chimney g a s  of 4 C 1 ~ i / f t J ;  (1 

x l ~ - ~ ~ ~ i / c r n ~  : see Appendix C )  , t h e  e q u i v a l e n t  source term is 
2 9 . 2 ~ 1 0  u C i / s e c .  Using the d i s p e r s i o n  c o e f f i c i e n t  o f  3x10-' 

3 
p . ~ i / m  :pCi/sec f o r  t h e  r ange  from one t o  t e n  mi les  dawnwind 

the  long-term average krypton-85 c o n c e n t r a t i o n  i n  t h i s  range 

*These estimates a r e  p r e d i c a t e d  on t h e  maximum poss ib le  gase- 

ous c o n c e n t r a t i o n s .  A c t u a l  gaseous  t r i t i u m  concen t ra t ions  

a r e  expec ted  t o  be a s  much as  en o r d e r  of magnitude lower. 

**ICRP (33) i n d i c a t e s  2.2 l /day  consumption f o r  s tandard  man. 

I f  it i s  assumed t h a t  s man consumes 1 l i t e r  of milk per  day, . 

t h i s  o f f - s e t s  t h e  w a t e r  consumption and reduces t h e  t r i t i u n i  

in take  v i a  w a t e r  t o  1 vCi/day. The water  i n  vege ta t ion  a l s o  

o f f - s e t s  l i q u i d  consumption.  

'~n' i n f a n t  consumes l e s s  v e g e t a t i o n  and water  than an a d u l t ,  

bu t  t h i s  'is of f-set by  t h e  i n f a n t ' s  smal ler  body mass. 
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-12 would be 2.8 x  10 wci/cm3 of a i r .  This  concent ra t ion  is  
4 a factor  of 4 x  10 below the AEC MC-0524 concent ra t ion  guide 

of 11~i/cm3 for a  su i t ab le  sample of t h e  populat ion 

i n  an uncontrolled area.  This i s  equiva lent  t o  a  dose of 

about 4 x  mrem per day of exposure ( see  Appendix G f o r  

assumptions), or 4  x  mrem f o r  over a  period of  t e n  days.* 

The assumed concentrations and f lowra tes  on which t h e  above 

calculat ions  a re  predicated would r e s u l t  i n  the  r e l e a s e  of 

about 70 per cent of the t o t a l  source term for  t r i t i u m  and 

8 5 ~ r  during the i n i t i a l  high f lowrate  t e s t s  over a  ten-day 

period. Production t e s t ing  opera t ions  w i l l  include not only 

the i n ' i t i a l  high flowrate t e s t s  bu t  a l s o  intermediate  and 

l aw  flowrate t e s t s  which w i l l  l a s t  for  months. Radioac t iv i ty  

released during the high flowrate t e s t s  w i l l  probably be l e s s  

than the amounts assumed above, b u t  r a d i o a c t i v i t y  w i l l  a l s o  

be released during the subsequent t e s t s .  Doses es t imated 

above should be representative of t h e  p o t e n t i a l  r a d i a t i o n  

doses from radioac t iv i ty  r e l eases  during t h e  t o t a l  f l a r i n g  

operation. 

*The assumption of an i n f i n i t e  s p h e r i c a l  cloud ins t ead  of 

a  semi-infinite spherical  cloud &I t h e  8 5 ~ r  dose es t imate  

i s  intended t o  compensate for  any dose r e s u l t i n g  from re-  

ten t ion  of 8 5 ~ r  i n  body f a t  ' ( s ee  Appendix*G). The calcu- 

l a t i o n  i s  for  the surface dose r a t h e r  than  t h e  dose a t  some 
2 depth within the body.. The depth dose a t  7. mg/cm , t h e  

approximate thickness 'of the o u t e r  epidermal ' l a y e r ,  i s  

about one-half of the surface dose ( 3 4 ) .  The. gsmma dose 

contribution fo r  Kr-85 i s  about one-hundredth o i  the  sur-  

face beta dose. 



The previous sections on t r i t i u m  and 8 5 ~ r  dose have indi- 

cated maximum exposures during the  high f low-rate production 

t e s t i n g  period (acute exposure). Subsequent t o  the high 

flow-rate t e s t s  there w i l l  be low-level re leases  associated 

with add i t iona l  t e s t s  ( the  dose from these addi t ional  t e s t s  

has been considered by the assumptions used for the high flow- 

r a t e  t e s t s ) .  - B u t I  of possibly more importance w i l l  be the 

chronic exposure from the r e s i d u a l  radioact ive e f f luent  from 

the high flow-rate t e s t s  remaining i n  the environment. 'The 

estimated 8 5 ~ r  dose is severa l  orders  of magnitudeL l e s s  

than t h a t  for  t r i t i u m  and 8 5 ~ r  i s  b a s i c a l l y  i n e r t  and thus 

dispersed i n  the atmosphere ; whereas, t r i t i a t e d  moisture i s  

I re ta ined i n  plants  and s o i l  with . a  f a i r l y  long ef fec t ive  

I h a l f - l i f e  ( tens  of days; see  Appendix I ) .  Therefore, t h i s  

sec t ion  w i l l  deal  only with the chronic dose from t r i t i u m .  

The model used t o  a s sess  t h e  p o t e n t i a l  dose from both the 

acute and chronic t r i t i u m  exposure i s  presented i n  Appendix 

I. The model considers two phases of environmental concen- 

t r a t i o n :  

1. Assume t h a t  the  environmental vegetation moisture con- 

c e n t r a t i o n  reaches 360 pCi/ml instantaneously w i t h  the 

i n i t i a t i o n  of high flow-rate production t e s t ing  and i s  main- 

t a ined  a t  t h i s  concentrat ion for  three weeks ( three 3-day 

production t e s t s  over a 3-week per iod) .  Among other things,  
I t h i s  assumes t h a t  70"A of the  upper source term estimate 

f o r  t r i t i u m  is re leased  during t h i s  period.   he ac tua l  

q u a n t i t y  of t r i t i u m  $produced may be lower by an order 

of magnitude, and it is l i k e l y  t h a t  only 10% ~f t h a t  



produced w i l l  be released*. 

This approach i s  used t o ' a r r i v e  a t ' conse rva t ive  es t imates  

of i n i t i a l  t r i t i u m  concentrat ions  i n  the environment and 

a l s o  t o  account for the  dose t h a t  may be. accrued from 

subsequent releases during lower flow-rate test ing**. 

2 .  A t  the end of the 3-week production t e s t  phase, t h e  

vegetation moisture concentrat ion o f  360 p C i / m l  of t r i t i u m  

was allowed t o  decay with an e f f e c t i v e  h a l f - l i f e  of 85 

days (see Appendix I for d iscuss ion  of the  h a l f - l i f e ) .  

The dose t o  man i s  then ca lcu la ted  based on the  build-up 

and eventua1,decay of the t r i t i u m  concentrat ion i n  body 

water a s  a  function of .the t r i t i u m  concentration i n  man's 

intake- and the biological  e f f e c t i v e  h a l f - l i f e .  

*This .expected conservatism of two orders  of magnitude is 

relevant not only here, but i s  a l s o  kmplici t  i n  the previous 

t r i t i u m  dose estimates. 

**A low re lease f ract ion during i n i t i a l  production t e s t i n g  

r e s u l t s  i n  a  greater  p o t e n t i a l  source term for subsequent 

t e s t s .  



Table 1 summarizes the  es t imated doses from Project  

Rulison. The r e s u l t s  a r e  repor ted  fo r  th ree  time periods; 

(1) .dose a s  a  r e s u l t  of one d a y ' s  exposure a t  the peak 

production t e s t i n g  flow-ra.te , ( 2 )  dose from exposure 

dur ing the  t o t a l  peak production - t e s t i n g  period ( three 

weeks, including t h r e e  3-day t e s t i n g  per iods)  and the  dose 

from t h e .  t o f  a'l  opera t ion .  

TABLE 

RULISON DOSE ESTIMATES 

Radionuclide Average Daily Dose Acute Period Chronic Period 
- . Peak F la r ing  Rate F i r s t  3  Weeks ' (Residual) 

. mrem m r e m  mrem 

8 5 ~ r  
External* - 4 4 

Tr i t ium 

Inha la t ion  6 x 

Inges t ion  lo-* 

TOTAL DOSE FROM OPERATION - 3  mrem 

The important conc lus ions  t o  .be drawn from t h i s  information 

a r e  : 

1. The chronic  dose from t r i t i u m  i n  the  environment may 

be roughly an .ord,er of magnitude g r e a t e r  than the  dose 

during the  a c t u a l  f l a r i n g  operat ion.  

2 .  The p o t e n t i a l  t r i t i u m  dose i s  g r e a t e r  than the  

p o t e n t i a l  8 5 ~ r  dose ; and inges t ion  i s  the most e ignif -  

i c a n t  uptake pathway for  t r i t i u m .  

*Largely b e t a  s k i n  dose.  
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3 .  The conservative t o t a l  dose e s t ima te  f o r  t h e  Rul ison 

production t e s t i n g  i s  3 m r e m  ; cons ide r ing  t h e  p rev ious ly  

mentioned conservative assumptions ( t r i t i u m  product ion 

and re lease  f rac t ion) ,  t h e  a c t u a l  dose w i l l  probably be 

i n  the range of 0.1 m r e m  o r  l e s s .  

The population information ( i n  F igure  2 ,  page 8 )  i n d i c a t e s  

t h e r e  a r e  a t  most s eve ra l  hundred people w i t h i n  t h e  a r e a  

covered by t h i s  dose es t imate .  A l l  of t h e s e  people w i l l  

not be i n  the  area  of the  h i g h e s t  c o n c e n t r a t i o n s  and f e w ,  

i f  any, of them w i l l  b e  consuming f o o d s t u f f s  c o n t a i n i n g  

t r i t i u m  a t  the  concentra t ions  p o s t u l a t e d  i n  t h i s  s e c t i o n .  



VI . ENVIRONMENTAL SURVEILLANCE 

Average airborne concentrations o f  t r i t i u m  a re  expected t o  

be th ree  orders of magnitude below the concentration guide 

' a t  o f f - s i t e  populated loca t ions ,  and average airborne con- 
85 

cen t ra t ions  of K r  a r e  expected t o  be four  orders  of mag- 

nitude l e s s  than the concentration guide.  Tritium concentra- 

t i o n s  i n  vegetation moisture can be expqcted t o  be a few 

picocuries  per m i l l i l i t e r  t o  a few hundred pCi/ml. Tri t ium 

concentrations in  milk should be an  order of magnitude l e s s  

than t h e  concentration i n  vegetat ion moisture. No s i g n i f  i- 

cant  environmental concentrations of  any o ther  radionucl ides  

a r e  expected. Migration of r a d i o a c t i v i t y  away from the chim- 

ney through ground water i s  considered unl ike ly .  I f  such 

migration 'does' occur, v e l o c i t i e s  -'of movement w i l l  be small.  

Occurrence of s ign i f i can t  concentratkons of r a d i o a c t i v i t y  

a t  any ground water use point is  .highly improbable. 

Although radionuclide intake by re s iden t s  i n  the Rulison area  

i s  not expected t o  approach t h e  l eve l s  of the applicable 

publ ic  hea l th  guides, environmental surve i l lance  must be per- 

formed t o  ver i fy  ac tua l  environmental concentrat ions  of impor- 

t a n t  radionuclides s ince the es t imates  of environmental con- 

c e n t r a t i o n s  are  bas2d on assumptions. Radiation doses t o  

t h e  a r e a  res idents  can then be estimated more accurately  

from measured leve ls  ., 

An adequate environmental surve i l lance  program should a l s o  

obta in  information u s e f u l .  i n  hea l th  eva,luations of s imi la r  

p ro jec t s  i n  the future.  Determinations of a c t u a l  plume ' r i s e ,  

po in ts  'o f  maximum concentration a t  sur face  l e v e l ,  and t r i t i u m  

concentrat ions  i n  vegetation moisture and milk should be made, 

both' fo r  hea l th  considerations and to. a i d  i n  predic t ing  en- 

vironmental concentrations of t r i t i u m  which may r e s u l t  from 

fu tu re  g a s  stimulation p ro jec t s ,  



The surve i l lance  program proposed by t h e  Southwestern Radio- 

l o g i c a l  Health Laboratory has  b e e n  reviewed. . This plan, pre- 

pared under a  Memorandum of Understanding wi th  the  AEC, was 

presented i n  the "Off -S i te  Radiological  Surveil lance Plan-- 

P r o j e c t  Rulison Drill-Back and Flar ing  Program." October 1969. 

and was supplemented by t h e  program out l ined  i n  NVO-61% The 

program includes a n a l y s i s  f o r  t r i t i u m ,  f i s s i o n  products. and 

a c t i v a t i o n p r o d u c t s  in:  (1) a i r  samples; ( 2 )  samples of 

foods and drinking water used by w i l d l i f e ,  domestic animals, 

and humans; and (3)  p r e c i p i t a t i o n  samples. The program 

includes  c o l l e c t i o n  and a n a l y s i s  of background samples, 

Although t r i t i u m  and * '~ r  a r e  t h e  only radionuclides expected 

t o  be released i n  de tec tab le  q u a n t i t i e s ,  a s ign i f i can t  p a r t  

of t h e  t o t a l  environmental su rve i l l ance  e f f o r t  i s  oriented 

towards other  f i s s i o n  product radionucl ides  (radioiodines,  

s t ront ium, 13'Cs, e t c .  ) . It i s  prudent t o  e s t ab l i sh  a 

program t o  document t h e  l e v e l s  of these  f i s s i o n  products, 

even though t h e i r  r e l e a s e  is not  expected. However, most 

of t h e  e f f o r t  should be devoted t o  sampling for radionuclides 

which a r e  expected i n  t h e  f l a r e d  gas.  

- ___- __ 
TEe-rura-1--community- of-Morrisania Mesa is located 3 m i l e s  

------- 

dawn-wind i n  t h e  path of Battlement Creek Valley draiKage------ 

winds. There a r e  f r u i t  orchards (apples,  peaches, and a  few 

plum and a p r i c o t  t r e e s ) .  and milk cows i n  the area.  Since 

r a d i a t i o n  doses  from inges t ion  of t r i t i u m  may be equal t o  or 

g r e a t e r  than doses from inha la t ion ,  a t t e n t i o n  should be given 

t o  food products grown i n  this a rea .  

The proposed SWRHL program appears t o  be adequate not only 

t o  determine environmental l e v e l s  of concern t o  public h e a l t h ,  

b u t  a l s o  t o  document t h e  environmental concentrations of 

*Draf t ,  November 1969. 



radionuclides caused by Rulison production tes t ing . '  Sensi-' 

t i v i t i e s  for  detection a r e  seve ra l  o rde r s  o f .  magnitude 

below the FRC and AEC guides.  

The sur.veillance program f o r  Rulison production t e s t i n g  

should be designed t o  ob ta in  ' information concerning t h e  

following: 

1. Effluent plume r i s e ;  n o t  so  much because of i t s  

e f fec t  on atmospheric d i f f u s i o n ,  but  r a t h e r  because it 

determines the t r anspor t  d i r e c t i o n  and thus  the  popu- 

l a t ion  a t  r i s k  due t o  the  var ious  wind regimes a t  the  

Rulison s i t e .  

2 .  Maximum concentrat ions ,  and changes with  t i m e ,  of 

t r i t i u m  i n  the water assoc ia ted  with  var ious types  of 

vegetation (milk cow forage,  domestic animal forage,  

and vegetation for  human consumption--assuming t h e  

concentrations w i l l  vary i n  the d i f f e r e n t  vegetat ion 

species) ,  milk and potable water.  

3. The ef fec t ive  h a l f - l i f e  of t r i t i u m  i n  vegetat ion 

i n  the Rulison environment. The proper determination 

of the ha l f - l i f e  w i l l  r equ i re  a minimum sampling time 

in te rva l  of one o r  more samples per h a l f - l i f e  period. 

4. I f  possible, b ioassay samples (u r ine  ! , . should be 

obtained t o  give an ind ica t ion  of  a c t u a l  dose.. 
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APPENDIX B 

GAS DELIVERABILITY 

An express ion  f o r  gas d e l i v e r a b i l i t y  from a w e l l  can  be de- 

r ived  by assuming t h a t  t h e  paying s t ra ta  p e n e t r a t e d  by t h e  

w e l l  a r e  of uniform t h i c k n e s s  and i n f i n i t e  e x t e n t  and a r e  

i s o t r o p i c  and homogeneous, and t h a t  f low is compress ib le  and 

Darcian. With these .a s sumpt ions ,  the  r a d i a l  flow of g a s  i n t o  

a  w e l l  under s t e a d y - s t a t e  cond i t ions  a t  a g i v e n  p o i n t  i n  

time i s  given by (19,  2 0 ) :  

2 2 10.320 kh  (Pe - Pw) 
Q = (Equat ion B-1) 

u  i n  r e r W  Tf  (14.65) z 

WHERE : 

Q = Rate of flow i n  cubic  f e e t  p e r  day  a t  a p r e s s u r e  

base o f  60°F and 14.65 p s i a  (NTP) . 

k = Permeab i l i ty  o f  t h e  paying s t ra ta ,  i n  m i l l i d a r c y s .  

h  = . Net t h i c k n e s s  of t h e  paying. sands tone  between t w o  

c o n f i n i n g  l a y e r s ,  i n  f e e t .  

P = Formation p r e s s u r e  i n  ps ig  a t  t h e  e f f e c t i v e  r a d i u s  e , 
of drainage;,  r . e  

pw = Flowing p r e s s u r e  a t  t h e  f a c e  o f  t h e  w e l l b o r e ,  i n  

p s i a ,  r i s  the  e f f e c t i v e  r a d i u s  of  t h e  w e l l b o r e .  
W 

Absolute open flow d e l i v e r a b i l i t y  (AOF)  is c a l c u -  

l a t e d  by s e t t i n g  Pw = 1 atm. 

u = V i s c o s i t y  i n  c e n t i p o i s e ,  of t h e  g a s ,  approx imate ly  

0.015. 

B-1 



Tf = Formation t empera tu re ,  degrees  Rankine. 

z = G a s  d e v i a t i o n  f a c t o r .  

S u f f i c i e n t  in fo rmat ion  h a s  been publ ished t o  pe rmi t  use of 

Equa t ion  B-1  t o  p r e d i c t  t h e  i n i t i a l  d e l i v e r a b i l i t y  of t h e  

P r o j e c t  Ru l i son  chimney-fracture system. For  t h e  o v e r a l l  

R u l i s o n  f i e l d ,  average  r e s e r v o i r  p r o p e r t i e s  a r e  g iven  a s  

( l o l  1 1 ,  21)  : 

k = 0.5  m i l l i d a r c y s  (sandstone l e n s e s )  

'e = 2700 p s i a  

z = 0.88 

On t h e  a v e r a g e ,  t h e  Mesaverde Formation i n  t h e  Rulison f i e l d  

c o n t a i n s  a n e t  t h i c k n e s s  o f  500 f e e t  of  paying sandstones 

o u t  o f  a t o t a l  format ion  t h i c k n e s s  of approximate ly  2500 

f e e t  ( 2 1 ) .  Assuming t h e  paying sandstone l e n s e s  a r e  uni-  

formly  spaced throughout  t h e  th ickness  of t h e  Mesaverde, a 

chimney 370 f e e t  high would i n t e r s e c t  approximate ly  74 f e e t  

- _- ___of--paying-sandstone s .--The- sandstone s-are-not-_like ly-to-be .. -- 

u n i f o r m l y  spaced ,  and good des ign  would l o c a t e  t h e  chimney 

t o  i n t e r s e c t  a s  much sands tone  as p > s s i b l e ,  b u t  no p the r  

assumpt ion  i s  p o s s i b l e  w i t h o u t  more d e t a i l e d  g e o l o g i c  in-  

fo rmat ion .  

Average r e s e r v o i r  p r o p e r t i e s  observe 3 i n  t h e  e x p l o r a t o r y  

h o l e  R-EX a r e  g i v e n  a s  (10) :  

k = 0.11 m i l l i d a r c y s  (sandstone l e n s e s )  

Tf 
= 21S°F = 67S0 Rarikine ( a t  8400 f e e t  subsurface,)  



A n e t  t h i c k n e s s  o f  375 f e e t  of paying sandstone ou t  of a t o t a l  

formation t h i c k n e s s  of 1162 f e e t  was observed i n  R-EX; a 

chimney 370 f e e t  h igh  would p e n e t r a t e  approximate ly  1 2 0  f e e t  

of paying s t r a t a , .  assuming uniform spac ing  of the  sandstone 

l e n s e s .  

Nuclear s t i m u l a t i o n  i s  thought  t o  i n c r e a s e  t h e  e f f e c t i v e  

w e l l  r a d i u s  t o  , t h e  r a d i u s  of i n t e n s e  dynamic f r a c t u r i n g ,  

e s t ima ted  t o  be approximately  370 f e e t  f o r  P r o j e c t  Rul i son ,  

The above d a t a  can be .used w i t h  Equation B-1 t o  e s t i m a t e  t h e  

"abso lu te  open flow d e l i v e r a b i l i t y "  (AOF) of  t h e  chimney- 

f r a c t u r e  system. The a b s o l u t e  open flow d e l i v e r a b i l i t y  i s  

t h a t  flow which would occur i f  p re s su re  a t  t h e  w e l l  f ace  

( i . e . ,  i n  t h e  chimney) were reduced t o  one atmosphere.  Using 

t h e  r e s e r v o i r  parameters  r epor t ed  f o r  R-EX and an assumed 

dra inage  a r e a  of 160 a c r e s ,  t h e  "expected" i n i t i a l  AOF de l iv- .  
3 e r a b i l i t y  i s  e s t i m a t e d  t o  be 5.5 x lo6  f t  /day: an expected 

"maximum" i n i t i a l  AOF d e l i v e r a b i l i t y  can be e s t ima ted  from 

t h e  average parameter va lues  f o r  t h e  Rul i son  f i e l d  a s  15.3 

x 106 f t3 /day ,  assuming t h a t  t h e  p e r m e a b i l i t y  of a l a r g e  

a r e a  i s  n o t  l i k e l y  t o  exceed t h e  average p e r m e a b i l i t y  of t h e  

paying sands tones .  

The use  o f  Equat ion B-1 t o  p r e d i c t  AOF d e l i v e r a b i l i t y  impl ic-  

i t l y  assumes t h a t  t h e  sandstone l e n s e s  have l a r g e  h o r i z o n t a l  

dimensions compared t o  t h e  r a d i u s  of f r a c t u r i n g ,  a r e ' o f  

uniform t h i c k n e s s ,  and a r e  homogeneous. Data r e p o r t e d  by 

t h e  USGS (11) i n d i c a t e  , t h a t  t h e  l e n i e s  may be s e v e r a l  thou- 

sand f e e t  long;  if s o ,  t h e  i n i t i a l  d e l i v e r a b i l i t y  may be 

r easonab ly  approximated by Equation b-1. 

Equation B-1 r e p r e s e n t s  a very  simple approach t o  r e s e r v o i r  

engineer ing .  Techniques a c t u a l l y  used by petroleum companies 

t o  p r e d i c t  d e l i v e r a b i l i t y  a r e  more s o p h i s t i c a t e d .  Such t ech -  

niques g e n e r a l l y  invo lve  f i n i t e - d i f f e r e n c e  computer s o l u t i o n s  



of time-dependent p a r t i a l  d i f f e r e n t i a l  equat ions  which t ake  

i n t o  account v a r i a t i o n  of f r a c t u r i n g  wi th  d i s t a n c e  from t h e  

de tona t ion  po in t .  E f f e c t i v e  use of 'these techniques  r e q u i r e s  

b e t t e r  knowledge of  t h e  geology of  t h e  f i e l d  than  i s  p r e s e n t l y  

a v a i l a b l e  t o  the  pub l i c .  De ta i l ed  d e s c r i p t i o n s  of  r e s e r v o i r  

c h a r a c t e r i s t i c s  a r e  included i n  t h e  "Pro jec t  Rulison Feasi-  

b i l i t y  Study" b u t  t h e  information h a s  no t  been r e l e a s e d  by 

Aus t ra l  O i l .  Es t imates  of d e l i v e r a b i l i t y  a r e  included i n  

t h e  "Pre-Shot Reservoir  Evalua t ion"  by Aus t ra l  o ~ ~ / c E R  which 

p r e s e n t l y  ( a s  of November 1969) e x i s t s  only i n  d r a f t  form and 

is  no t  a v a i l a b l e  t o  t h e  pub l i c  ( 2 2 ) .  

Since t h e  g a s  flow r a t e s  which w i l l  occur during production . . 

t e s t i n g  w i l l  be a s  much the  r e s u l t  of  a d m i n i s t r a t i v e  d e c i s i o n s  

a s  o f .  engineer ing  c a l c u l a t i o n s ,  it i s  f e l t  t h a t  use of Equa- 

t i o n  B - l  w i l l  y i e l d  acceptable  e s t i m a t e s .  



APPENDIX C 

RADIOACTIVITY I N  GAS 

Table C-1  g i v e s  e s t ima ted  q u a n t i t i e s  of s e l e c t e d  radionu-  

c l i d e s  produced by t h e  Rul ison device .  The r a d i o n u c l i d e s  of  

c h i e f  i n t e r e s t  i n  c o n s i d e r a t i o n  of g a s  use  a r e  Krypton-85 

and t r i t i u m ,  s i n c e  t h e s e  t w o  i s o t o p e s  w i l l  be found i n  g a s  

r e l e a s e d  from t h e  chimney. Es t imat ion  o f  t h e  c o n c e n t r a t i o n s  

of  t h e s e  i s o t o p e s  i n  t h e  g a s  r e q u i r e s  knowledge of t h e  amount 

of  t h e  i s o t o p e s  produced by t h e  dev ice ,  t h e  vo id  volume o f  

t h e  chimney, t h e  p re s su re  i n  t h e  chimney a t  t h e  time f l a r i n g  

beg ins ,  t h e  bottom-hole tempera ture ,  and t h e  water  c o n t e n t  

o f  t h e  formation.  

The c a l c u l a t i o n  f o r  Krypton-85 is s t r a i g h t f o r w a r d .  From 
85 

Table C-1, approximately  960 c u r i e s  o f  K r  were produced 

by t h e  de tona t ion .  The void volume of  t h e  chimney i s  

approximately  e q u a l  t o  t h a t  of  a  sphere  w i t h  a  r a d i u s  of 
6 8 0  f e e t ,  about  2 . 1  x 10  c u b i c  f e e t .  

The bottom-hole temperature  of  t h e  chimney a t  t h e  t i m e  of  

r e - en t ry  is  es t ima ted  t o  be about  380°F, based on expe r i ence  

wi th  Gasbuggy. * The bottom-hole p r e s s u r e  a t  t h e  t ime of 

*The Gasbuggy d e t o n a t i o n  r a i s e d  tem2era tures  i n  t h e  chimney 

from t h e  pre-shot  format ion temperature  (130°F) t o  247OF ( 4 ) .  

Cav i ty  dimensions and m a t e r i a l s  f o r  Rul i son  a r e  s i m i l a r  t o  

those  of Gasbuggy, so t h e  temperature.  i n c r e a s e  should be 

p r o p o r t i o n a l  t o  t h e  r a t i o  o f  energy y i e l d s  of  t h e  respec-  

t i v e  d e v i c e s  (29 KT f o r ,  Gasbuggy--SRL -Memo, 5  Janua ry  1970) . 
215OF + (40 ~ T / 2 9  K T )  (117OF) = 37E°F o r  380' F. There a r e  

obvious u n c e r t a i n t i e s  i n  t h i s  e s t i m a t e .  



TABLE C - 1  

RADIONUCLIDE A C T I V I T Y  AT T o  + 180 DAYS 

RESULTING FROM DETONATION O F  40 F I S S I O N  KILOTONS 

N u c l i d e  

8 5 ~ r  

H a l  f - L i f e  

10.76 y 

50.6 d 

2 8 . 8  y 

59 d 

C u r i e s  

0.96 x 10 3 

35 d 

40 d 

57 m i n  

1.0 y 

30 sec 

.8.05 d 

5 . 2 7  d 

30 Y 
2 . 6  m i n  

1 2 . 8  d 

40 h 

3 2 . 5  d 

13.7 d 

2 8 5  d 

1 7 . 3  m i n  

2 . 6  y 

1 2 . 2 7  y 

F r o m  reference 15. 



r e - e n t r y  i s  e s t ima ted  t o  be about  2640 p s i a . *  The volume 

of  g a s  i n  t h e  chimney i s  e s t i m a t e d  t o  be about  2.4 x  10 8  

c u b i c  f e e t  (NTP), and t h e  cor responding  8 5 ~ r  c o n c e n t r a t i o n  
3  i s  e s t ima ted  t o  be  about  4.0 ( L ~ i / f t 3  (1.4 x 10 '~ w ~ i / r i m  ) . 

 his f i g u r e  i s  i e s s  t han  a  f a c t o r  of  two h i g h e r  t han  t h e  
-A '  

AEC p r e d i c t e d  8 5 ~ r  ' concen t r a t i on  of  0 .8  x 1 0  pCi/cm3 ( 2 8 ) .  

Es t ima t ion  of t r i t i u m  c o n c e n t r a t i o n s  i s  more d i f f i c u l t .  The . 

most c o n s e r v a t i v e  approach assumes t h a t  a l l  of t h e  t r i t i u m  

w i l l  exchange w i t h  hydrogen a t t a c h e d  t o  gaseous hydrocarbons.  

I n  t h i s  c a s e ,  t h e  t r i t i u m  c o n c e n t r a t i o n  i n  - t h e  g a s  f l a r e d  

from t h e  well-head would be 10  kCi/2.4 x lo8  c u b i c  f e e t  = 
3 42 I I ~ i / f t 3  (1.5 x pCi/cm ) . T h i s  approach i s  e x c e s s i v e l y  

c o n s e r v a t i v e ,  s i n c e  it i m p l i e s  t h a t  t h e r e  i s  no exchange of 

t r i t i u m  w i t h  water-bound hydrogen. I n  Gasbuggy, approximate ly  

95% of t h e  t r i t i u m  produced by t h e  n u c l e a r  dev ice  appea r s  t o  

have e v e n t u a l l y  exchanged w i t h  water-bound hydrogen i n  t h e  

chimney t o  appear  as HTO ( 1 2 ) .  A p re -sho t  e s t i m a t e  of 

t r i t i u m  i n  Gasbuggy g a s  u s ing  t h e  same c o n s e r v a t i v e  assump- 
3 t i o n  would have p r e d i c t e d  a  c o n c e n t r a t i o n  of  about  320 pCi / f t  , 

3 b u t  t h e  h i g h e s t  c o n c e n t r a t i o n ,  measured, 100 p c i / f t  , was . ' 

observed i n  a sample t aken  t h e  day a f t e r  the ,  d e t o n a t i o n  ( 1 2 ) .  

The t r i t i u m  c o n c e n t r a t i o n '  i n  t h e  g a s  decreased  t o  approxi -  
3 mately  1 8  pCi / f t  w i t h i n  36 days, a f t e r  t h e  d e t o n a t i o n  ( 1 2 ) .  

Assuming a s i m i l a r  r e d u c t i o n  o f  t h e  t r i t i u m  c o n c e n t r a t i o n  i n  

Rul i son  g a s  .would l e a d  t o  a p r e d i c t e d  va lue  of about  2  pCi / f t  3  

*Re-entry well-head p r e s s u r e s  a r e  e s t ima ted  a t  2400 p s i a  by 

t h e  AEC ( P r e s s  Re lease  NV-69-135). Assuming uniform g a s  

t empera tu re s  of  380°F and g a s  of pure methane, t h e  bottom- 

h o l e  p r e s s u r e  would be about  2640 p s i a .  Actua l  p r e s s u r e s  

w i l l  be somewhat ' h i g h e r ,  s i n c e  t h e  g a s  w i l l  c o n t a i n  o t h e r  

s p e c i e s  of  h i g h e r  molecular  weigh t .  



when f l a r i n g  begins  a t  l e a s t  s i x  months a f t e r  t h e  de tona t ion .  

Huweve.r, t h i s  assumption i s  probably n o t  reasonable  e i t h e r ,  

s i n c e  water  may have flowed i n t o  t h e  Gasbuggy chimney from 

t h e  Ojo Alamo Formation ( 1 3 ) ,  whi le  it i s  u n l i k e l y  t h a t  . l a r g e  . 

q u a n t i t i e s  of water  w i l l  e n t e r  t h e  Rulison chimney. Some 

reduc t ion  w i l l  undoubtedly occur ,  s i n c e  t h e  Mesaverde sand- 

s t o n e s  near t h e  chimney c o n t a i n  about  4% water  by volume ( l l ) ,  

b u t  t h e r e  appear t o  be no over ly ing  a q u i f e r s  near t h e  chimney. 

The a c t u a l  t r i t i u m  concen t ra t ion  should be somewhere between 

2 p ~ i / f t 3  and 40 pCi/ft3.  An "expected" va lue  can be com- 

puted by assuming t h a t  t h e  i n i t i a l  r educ t ion  of t r i t i u m  con- 
3 c e n t r a t i o n s  i n  Gasbuggy gas  (from 320 1LCi/ft3 t o  100 uCi/f t  ) 

was caused by t r i t i u m  exchange wi th  water  i n  t h e  immediate 

v i c i n i t y  of t h e  chimney, and t h a t  water  from t h e  Ojo Alamo 

d i d  no t  e n t e r  t h e  chimney u n t i l  s e v e r a l  days a f t e r  t h e  

de tona t ion .  Both t h e  Gasbuggy and Rulison media have approx- 

imate ly  t h e  same water  c o n t e n t ,  s o  a  s i m i l a r  r educ t ion  might 

be expected f o r . R u l i s o n ;  t h i s  assumption would r e s u l t  i n  a  

p red ic ted  t r i t i u m  concen t ra t ion  o f  about  13 u c i / f t 3  ( 4 x  
3  uCi/cm ) . 



PURGING O F  RADIOACTIVITY FROM CHIMNEY - 

A s  gas  i s  f l a r e d  from t h e  chimney, "c lean"  gas  from t h e  

surrounding formation w i l l  flow i n t o  t h e  chimney t o  decrease 

concen t ra t ions  of rad ibnucl ides  i n  t h e  chimney gas .  Two 

models a r e  a v a i l a b l e  f o r  p r e d i c t i n g  t h e  r educ t ion  of rad io-  

nucl ide  concen t ra t ions  a s  gas  i s  f l a r e d ;  the  s imples t  assumes 

t h a t  a s  f r e s h  gas  ' e n t e r s  the  chimney, it mixes completely 

and ins tan taneous ly  wi th  al l .  t h e  gas  i n  t h e  chimney. This  

r e s u l t s  i n  p red ic ted  concen t ra t ions  of r ad ionuc l ides  t h a t  

decrease exponen t i a l ly  with the  t o t a l  volume of g a s  f l a r e d  
I 

( 1 7 ) .  

The o the r  model, developed by Higgins,  e t .  a l .  (171, assumes 

t h a t  no mixing t a k e s  place and t h a t  t h e  f r e s h  g a s  d i s p l a c e s  

t h e  r a d i o a c t i v e  g a s  i n  a  p i s ton- l ike  fashion .  I n  t h i s  c a s e ,  

concen t ra t ions  of r ad ionuc l ides  i n  the  f l a r e d  g a s  would 

remain c o n s t a n t  a t  e a r l y  t imes,  decrease r a p i d l y  a t  i n t e r -  

mediate t imes ,  and f i n a l l y  go t o  zero  a f t e r  f l a r i n g  a t  most 

four  t o  f i v e  chimney volumes (NTP) of gas .  

The a c t u a l  decrease  of r a d i o a c t i v i t y  probably w i l l  no t  c o r r e s -  

pond p r e c i s e l y  t o  e i t h e r  model b u t  w i l l  l i e  somewhere between 

t h e  two p r e d i c t i o n s ,  Higgins,  e t .  a l . ,  i n d i c a t e  t h a t  measure- 

ments of Gasbuggy 85Kr concen t ra t ions  were cons tan t  a t  

e a r l y  t imes ,  conforming t o  t h e  no-mixing model ( 1 8 ) .  A 

conservat ive  approach Gould be t o  assume t h a t  concen t ra t ions  

w i l l  remain c o n s t a n t  u n t i l  approximately 0.1 t o  0.2 chimney 

volumes have been f l a r e d  (conforming t o  t h e  no-mixing model) 

and w i l l  t hen  decrease  exponen t i a l ly  wi th  t h e  volume of g a s  

f l a r e d  (perfect-mixing model) . 
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APPENDIX 'D 

RADIOACTIVITY I N  GROUND 'WATER 

L i t t l e  in format ion  i s  a v a i l a b l e  concerning .occurrence and 

movement of ground wa te r  or magnitudes of  h y d r a u l i c  g r a d i e n t s  

e x i s t i n g  i n  t h e  Mesaverde Formation nea r  t h e  Rul i son  chimney. 

The USGS i n d i c a t e s  t h a t  u sab le  ground w a t e r  i n  t h e  Rul i son  

a r e a . i g  p r i m a r i l y  l i m i t e d  t o  a l luv ium and t e r r a c e  d e p o s i t s ,  

and t h g t  under ly ing  bedrock format ions  a r e  g e n e r a l l y  imper- 

meable and y i e l d  l i t t l e  wa te r .  From obse rva t ions  made du r ing  

t h e  , d r i l l i n g  of t h e  e x p l o r a t o r y  h o l e  R-EX, t h e  USGS con- 

c luded t h a t  l i t t l e  mobile water  occu r s  i n  t h e  format ions  

pene t r a t ed  by t h e  h o l e  (11). However, t h e  USGS a l s o  r e p o r t s  

t h a t  t h e  Ohio Creek Conglomerate h a s  y i e l d e d  wa te r  i n  o t h e r  

g a s  w e l l s  d r i l l e d  i n  t h e  Rul i son  f i e l d  and t h a t  some wa te r  

was found i n  a sandstone l e n s  i n  t h e  upper Mesaverde Forma- 

t i o n  (11). There p r e s e n t l y  seems t o  be i n s u f f i c i e n t  evidence 

f o r  covc luding  that  mobile w a t e r  cannot  be p r e s e n t  i n  t h e  

f r a c t u y e  zone surrounding t h e  chimney. 

The Mesaverde Formation c o n s i s t s  o f  sandstone l e n s e s  i n t e r -  

bedded w i t h  s h a l e s  of  much lower p e r m e a b i l i t i e s  ( 1 0 , l l ) .  

P e r m e a b i l i t i e s  o f  t h e  s h a l e s  might r easonab ly  be expected 

t o  be two o r d e r s  o f  magnitude lower than  t h e  p e r m e a b i l i t i e s  

of t h e  sands tone  l e n s e s  (16 ) .  Average sandstone l e n s  p o r o s i t y  

and wa te r  s a t u r a t i o n  f o r  t h e  Rul i son  f i e l d  a r e  g i v e n  a s  9.7 

per  c e n t  and 45 per  c e n t ,  r e s p e c t i v e l y  ( 1 0 ) .  Ground water  

movement i n  such unsaturated media i s  t y p i c a l l y  much slower 

than  movement i n  s a t u r a t e d  media. C a p i l l a r y  f o r c e s  and 

o t h e r  f a c t o r s  a f f e c t  mois ture  movement i n  u n s a t u r a t e d  media. 

P r e d i c t i o n  of  mois ture  movement i n  u n s a t u r a t e d  media r e q u i r e s  

more d a t a  t h a n  a r e  a v a i l a b l e  f o r  t h e  Rul i son  f i e l d .  However, 

, some e s t i m a t e  o f  p o s s i b l e  r a d i o n u c l i d e  movement i s  d e s i r a b l e .  

Though "worst  c a s e "  e s t i m a t e s  a r e  o f t e n  mis l ead ing ,  it i s  

f e l t  t h a t  t h e  development of  a "worst  c a s e "  e s t i m a t e  of  



poss ib le  ground water movement near  t he  Rulison chimney w i l l  

se rve  t o  i l l u s t r a t e  t h a t  t he  chances a r e  very  small  t h a t  

s i g n i f i c a n t  concent ra t ions  of r ad ionuc l ides  w i l l  occur a t  any 

ground water use poin t .  . . 

The s imples t  approach t o  a "worst case"  es t imate  of ground 

water  movement is t o  assume t h a t  f r a c t u r e s  from t h e  chimney 

w i l l  i p t e r s e c t  a water-bearing formation and w i l l  introduce 

water  i n t o  t he  chimney. Ground water  v e l o c i t i e s  which would 

occyr under t he  r e s u l t i n g  s a t u r a t e d  cond i t ions  would be much 

g r e a t e r  than  v e l o c i t i e s  which would occur under unsa tura ted  

cond i t ions .  I t  i s  emphasized t h a t  r ad ioac t . iv i ty  w i l l  tend 

t o  remain i n  place un l e s s  mobile water  i s  .present  and t h a t  

t h e  assumption t h a t  water  w i l l  be introduced i n t o  t h e  chim-. 

ney i s  t he r e fo r e  conservat ive .  The observat ions .  of water  i n  

t he  Ohio Creek Conglomerate a t  o t h e r  l oca t i ons  a n d . i n  a sand- 

s tone  l e n s  i n  t h e  upper Mesaverde Formation p a r t i a l l y  j u s t i f y  . 

t h e  as~sumption t h a t  t he  f r a c t u r e  system w i l l  con tac t  an 

a q u i f e r .  

There i s  no means of e s t ima t ing  how much water  w i l l  be 

p resen t .  Therefore it w i l l  be a r b i t r a r i l y  assumed t h a t  

a l l  r a d i o a c t i v i t y  from t h e  de tona t ion  w i l l  be uniformly - - - - - -- - . -. - -- - - - - -- - -- - -- - - - - - - -- - - - - - - - - - -. - - - - - - . - - - - - - - 

mixed wi th  a volume of water  equ iva len t  t o  t h e  void volume 

of t h e  chimney (2.1 x lo6  f t 3 ) .  Using these  assumptions and 

t he  es t imated  t r i t i u m  product ion g iven i n  Table 1 , .  t h e  r e s u l t -  

ing  t r i t i u m  concent ra t ion  can be es t imated  a s  0.17 u C i / m l ,  

about 170 t imes t he  concen t ra t ion  guides  g iven by t he  AEC 

Manual, Chapter 0524 (39) .  

I n i t i a l  reduct ion  of  concen t ra t ions  of  radionucl ides  such 

a s  13'cs and ' O S ~  by ion exchange w i l l  be neglected. This  

assumption r e s u l t s  i n  e s t ima tes '  of  concen t ra t ions  of these  

rad ionuc l ides  which a r e  probably conse rva t ive ,  r ega rd l e s s  

of t h e  amount o f  water a c t u a l l y  introduced i n t o  t h e  chimney. 
I 



Corresponding est imated concen t ra t ions  - of 1 3 7 ~ s  and .  ' O S ~  

a r e  0.12 pci/ml and 9.8 x lo-' p ~ i / h l ,  r e s p e c t i v e l y ,  which 

a r e  1.8 x l o 4  and 1 x l o 6  t imes t h e  Chapter 0524 concentra- .  

t i o n  guides f o r  13'cs and ' ' 5 ,  , r e s p e c t i v e l y .  

Fac tors  which inf luence  t h e  v e l o c i t y  of ground water  move- 

ment include t h e  degree of  s a t u r a t i o n  of t h e  . . pore space,  

t h e  permeabi l i ty  of t h e  medium, presence. of f r a c t u r e s , ,  and 

the  e x i s t i n g  hydrau l i c  g rad ien t s .  For  t h e  e n t i r e  Mesaverde 

Formation these  f a c t o r s  a r e  not  well-known. C h a r a c t e r i s t i c s  

of t h e  sandstone l e n s e s  have been repor ted  ( l o ) ,  b u t  t h e  

geometry of these  l e n s e s  is n o t  known. Conservative 

assumptions must t h e r e f o r e  be made t o  permit e s t ima t ion  of 

ground water movement. 

I t  w i l l  be assumed t h a t  t h e  e n t i r e  formation has  t h e  per- 

meabi l i ty  of  t h e  sandstone l e n s e s ,  and t h e  presence of  

interbedded s h a l e s  w i l l  be ignored. . Satura ted  flow condi- 

t i o n s  w i l l  a l s o  be assumed. The Green River;  Wasatch, Ohio 

Creek Conglomerate, and Mesaverde Formations d i p  t o  t h e  nor th  

a t  about . two degrees (11). I n  t h e  absence of d i s tu rbances ,  

t h e  hydraul ic  g r a d i e n t  might be assumed t o  follow the, d i p  

of the  formations,  s o  t h a t  ground water flow would a l s o  

follow t h e  d i p  of t h e  beds. 

An express ion  f o r  t h e  average v e l o c i t y  ( t r a c e r  v e l o c i t y )  of 

ground water flow un,fier Darcian cond i t ions  i s  (23.24) : 

WHERE : 

u = t r a c e r  v e l o c i t y ,  feet/second 

Equation D-x 



s = s p e c i f i c  weight of w a t e i ,  l b s / f t 3  = 59.8 l b s / f t  
3 .  

a t  215OF. 

u = v i s c o s i t y  of water  a t  formation temperature.  

= 0.59 x lb - sec / f t  
2  

n = formation p o r o s i t y .  

3 = pressure  g r a d i e n t  o r  h y d r a u l i c  gradient . ,  f e e t  of dx 
water per  foo t  of d i s t a n c e .  

2 
k = permeabi l i ty  of t h e  s a t u r a t e d  medium, f t  . 

The repor ted  average permeabi l i ty  and p o r o s i t y  of t h e  sand- 

s tone  l e n s e s  of t h e  Mesaverde Formation a r e  0.5 m i l l i d a r c y s  

and 8-10 per  c e n t ,  r e s p e c t i v e l y .  Using these  va lues  i n  

Equation D-1  and assuming t h e  h y d r a u l i c  g r a d i e n t  i s  approxi-  

mately equal  t o  the  d i p  of t h e  beds,  t h e  es t imated  ground- 

water  v e l o c i t y  would be approximately 0.6 f t / y e a r .  This  

development assumes s a t u r a t e d  flow cond i t ions .  The conser-  

v a t i v e  assumptions leading  t o  t h i s  es t imated  movement should 

be emphasized. The f i r s t  assumption i s  t h a t  r e l a t i v e  l a r g e  
- - - - - - - - amount s--of -water-wi-1-1--be-introduced -into-the -ch imney--from------- 

some over ly ing  a q u i f e r ,  r e s u l t i n g  i n  s a t u r a t e d  flow through 

the  Mesaverde Formation away from t h e  chimney. I t  i s  a l s o  

assumed t h a t  t h e  e n t i r e  Mesaverde Formation has  ' the permea- 

b i l i t y  r epor ted  f o r  t h e  sandstone l e n s e s ,  which may be con- 

s e r v a t i v e  by two o r d e r s  of magnitude. I t  i s  i m p l i c i t l y  

assumed t h a t  t h e  wettj ing f r o n t  of t h e  flow from t h e  chimney 

w i l l  move a t  s a t u r a t e d  flow v e l o c i t i e s ,  a l s o  a  conservat ive  

assumption. 

Ignor ing  d i l u t i o n  by d i f f u s i o n  and mixing, t :r i t ium would be .. 
reduced t o  t h e  AEC concen t ra t ion  guide of 1 x lo-.' pCi/ml by 

r a d i o a c t i v e  decay i n  about 7.4 h a l f - l i v e s .  Since t r i t i u m  



moves with the  ve loc i t y  of ground water flow, t r i t i u m  might 

move a  very few f e e t  before decaying t o  t h e  concent ra t ion  

guide.  Even a t  200 t imes t h e  conservat ive es t imate  of ground 

water v e l o c i t i e s ,  t r i t i u m  would s t i l l  move l e s s  than t h r ee  

mi les  before being reduced t o  the  concent ra t ion  guide.  

Tri t ium can be assumed t o  move with t h e  ve loc i t y  of qround - - 
water ,  bu t  the  movement of 13'cs and ' O S ~  w i l l  be r e ta rded  

by ion exchange with t h e  medium. The degree of r e t a r d a t i o n  

can be predic ted  from a  property of the  medium c a l l e d  the  

d i s t r i b u t i o n  c o e f f i c i e n t ,  Kd. Values of Kd f o r  rocks i n  the  

Rulison a rea  were not  measured, bu t  I so topes ,  Inc .  has  . ,  

' r epor ted  values f o r  sandstones near t h e  Gasbuggy detonat ion  

a s  approximately 100 and 1 . 4  f o r  1 3 7 ~ s  and 'Osr, r e spec t i ve ly  

( 1 5 ) .  These values w i l l  be assumed t o  be r ep r e sen t a t i ve  of 

the  Me.saverde Formation a l s o .  CER Geonuclear repor ted  an 
3 average overburden dens i t y  of 2.35 g/cm and a  core g r a i n  

dens i t y  of 2.67 9/cm3 fo r  t h e  Rulison s i t e  ( 10 ) .  but the  

dens i t y  of the  sandstone may be somewhat g r e a t e r  than  t he  

average. A value of 2.4 g/cm3 f o r  the  bulk dens i t y  appears  

t o  be a reasonable assumption. 

. . 

The r e l a t i o n s h i p  between t h e  average ground water  ve loc i t y ,  

v ,  and the  e f f e c t i v e  v e l o c i t y ,  v ' ,  of a given radionucl ide  

i n  ground water  i s  (24) 

Equation D-2 

WHERE : 

kd = d i s t r i b u t i o n  c o e f f i c i e n t  f o r  the  p a r t i c u l a r  

radionucl ide  i n  a  given medium, ml/g. 

3 m = bulk dens i t y  o f  the  rock or  a q u i f e r ,  g / c m  . 



Using t h e  above va lues  f o r  bulk d e n s i t y  and Kd, . 

V ' / V  = 4.2 x f o r  1 3 7 ~ s  

v ' /v  = 0.029 f o r  Sr-90 

Ignoring d i l u t i o n  by d i f f u s i o n  and mixing, 1 3 7 ~ s  and 'OSr 

would be reduced. t o  t h e i r  appropr ia t e  AEC concen t ra t ion  

guides  i n  about 14 h a l f - l i v e s  and 20 h a l f - l i v e s ,  r e s p e c t i v e l y .  

Thus, both would decay t o  t h e  concen t ra t ion  gu ides  before  

moving more than a  few f e e t .  A t  200 t imes t h e  conse rva t ive  ' 

es t ima te  of ground water  v e l o c i t y ,  'OSr might move about 

one-half mile before  decaying t o  i t s  concen t ra t ion  guide.  

While gas  i s  being r e l e a s e d  from the  w e l l ,  h y d r a u l i c  grad-  
' 

i e n t s  i n  t h e  format.ion surrounding t h e  chimney w i l l  d r i v e  

water  toward t h e  chimney because chimney p r e s s u r e s  w i l l  be 

lower than  t h e  pore pressure  of the  formation. U n t i l  g a s  

product ion from t h e  w e l l .  ceases ,  no migra t ion  of r a d i o a c t i v i t y  
I 

i away from t h e  chimney i s  expected. 

The a n a l y s i s  presented above cannot be construed a s  an  

a c c u r a t e  p i c t u r e  of t h e  movement of radioactivity i n  ground 

w a t e r ,  s ince  the  e s t i m a t e s  given r e s u l t  from assuming a  very 
- .- -- . -- - -- - - - - - - - - --- - - - .- -- - - 

u n l i k e l y  "worst case .  " However, the  e s t i m a t e s  serve  t o  

i l l u s t r a t e  t h a t  t r a n s p o r t  of r a d i o a c t i v i t y  from t h e  Rulison 

chimney t o  any ground water use po in t  i s  h i g h l y  improbable. 



APPENDIX E 

METEOROLOGY AND DIFFUSION 

Climatological Data 

: This sec t ion  summarizes c ~ i m a t o l o g i c a l  da ta  needed t o  es t imate  

environmental - e f f e c t s  of production t e s t i n g .  Local meteorol- 

ogy i s  s t rongly  a f fec ted  by t e r r a i n  fea tu res .  The area  can 

bes t  be described a s  a  large  plateau sub-divided i n t o  mesas 

by drainage channels. The important f ea tu re s  a re :  

1. ~ a t t l e m e n t  Mesa - The Rulison s i t e  i s  located on the 

north s ide  of the mesa, which s lopes  genera l ly  from SE t o  NW. 

2 .  Morrisania Mesa - located b e l w  the Rulison s i t e  on 

the  northern slope of Battlement Mesa. 

3. Battlement Creek and i t s  associa ted  va l l ey  - The va l ley  

passes near the  Rulison s i t e ,  sloping genera l ly  south t o  

north,  and c u t s  ac ross  Morrisania Mesa t o  reach the  Colorado 

River. This va l l ey  c r e a t e s  the l o c a l  wind regime (drainage 

and upslope) for  the  Rulison s i t e .  The va l ley  i s  about 1,000 

f e e t  deep. 

I 4.  Colorado River and i t s  associa ted  va l ley  - .The r i v e r  

runs genera l ly  from NE t o  SW, passing about s i x  miles  north 

I of t h e  s i t e .  Battlement Mesa and Morrisania Mesa form the  

I v a l l e y , w a l l s  t o  the south and the Roan C l i f f s  form the  va l ley  

I wal l  t o  t he  north.  

Important t e r r a i n  f ea tu re s  a r e  indicated  schematically i n  

Figure 3 of the t e x t .  Elevations on the  f igure  a r e  given i n  

thousands of f e e t  above mean sea l e v e l  (1 K = 1,000 f t ) .  



Three p r e v a i l i n g  wind regimes a r e  i n d i c a t e d  on t h e  f i g u r e . *  

Night ly drainage winds blowing toward t h e  NNW and d a i l y  

upslope winds toward the SSE i n  t h e  Battlement c reek  v a l l e y  

form one wind regime. These winds probably b u i l d  up t o  

about  1 ,000 f e e t  above t h e  v a l l e y  f l o o r . *  

Val ley - flow i n  t h e  Colorado River Val ley d i r e c t l y  nor th  

of t h e  s i t e ,  which g e n e r a l l y  flows eas t -wes t ,  forms another  

wind regime. The mixing depth f o r  t h i s  v a l l e y  i s  not  wel l -  

known bu t  has  been noted t o  b u i l d  up t o  around 1 5 0 0 . f t  o r  

more (over Morrisania ~ e s a ) .  

Regional g r a d i e n t  flow above t h e  topographica l  f e a t u r e s  i s  

g e n e r a l l y  toward t h e  ENE. Although t h i s  wind information ,is 

based on a i r  sound ings .a t  Grand Junc t ion  ( e l e v a t i o n  4820 

f e e t ) ;  measurements taken a t  about  10,000 f e e t  on Battlement 

Mesa a r e  s i m i l a r .  The ,500-mb** wind r o s e  (18,500 f e e t )  from 

Grand Junc t ion  i s  s i m i l a r ,  b u t  t h e  p r e v a i l i n g  wind d i r e c t i o n  

i s  toward the  e a s t  and wind speeds a r e  g r e a t e r  than  those  a t  

t h e  700-mb l e v e l .  

*Meteorological d a t a  presented i n  t h i s  s e c t i o n  a r e  based on 

References 6 and 7  and on p r i v a t e  conversa t ions  wi th  person- 

n e l  of ESSA/ARL. 

**mb-millibar--1,000 mb i s  equ iva len t  t o  29.53 inches  of 

mercury. 

E-2 



Dif fus ion  Es t ima te s  

There a r e  numerous e q u a t i o n s  f o r  e s t i m a t i n g  plume r i s e  and 

a tmospher ic  d i f f u s i o n .  Equa t ions  f o r  plume r i s e  a r e  u s u a l l y  

based on e m p i r i c a l  d a t a  o r  d imens iona l  a n a l y s i s .  B r i g g s '  

e q u a t i o n  (8) was used on recommendations o f  pe r sonne l  from 

ESSA/ARL and t h e  expe r i ence  w i t h  P r o j e c t  Rover r e a c t o r  t e s t s  

a t  NRDS ( f e l t  t o  be a  good ana logy ) .  * Briggs  ' e q u a t i o n  i s  

based on dimensional  a n a l y s i s  and i n c o r p o r a t e s  a n  e m p i r i c a l l y  

de r ived  c o n s t a n t  (Equat ion E-1). 

G i f f o r d ' s  m o d i f i c a t i o n  of  P a s q u i l l ' s  d i f f u s i o n  e q u a t i o n  i s  

used ( 9 )  t o  e s t i m a t e  d i s p e r s i o n  w i t h  d i s t a n c e .  The model 

i s  g e n e r a l l y  known as t h e  Gaussian model because o f  i ts  

i n h e r e n t  assumption of  a Gaussian-shaped c loud .  

C a l c u l a t i o n s  f o r  t h e  plume r i s e  ( a l s o  r e f e r r e d  t o  a s  e f f e c -  

t i v e  s t a c k  h e i g h t )  and downwind d i s p e r s i o n  a r e  g i v e n  a t  t h e  

end o f . t h i s  appendix.  The r e s u l t s  o f  t h e s e  c a l c u l a t i o n s  

a r e  i n d i c a t e d  i n  F i g u r e s  E-1 and E-2. 

Each f i g u r e  r e p r e s e n t s  a d i f f e r e n t  s e t  o f  c o n d i t i o n s .  F igure  

E-1 is based on a n  assumed e f f e c t i v e  s t a c k  h e i g h t  o f  2700 

f e e t  and t r a n s p o r t  by t h e  r e g i o n a l  ( a l o f t )  winds ,  whereas  

F igu re  E-2 is  based on a n  assumed e f f e c t i v e  s t a c k  h e i g h t  o f  

o n l y  1 ,000  feet and t r a n s p o r t  by t h e  l o c a l  v a l l e y  winds.  

T h i s  l a t t e r  c a s e  ( i n v o l v i n g  d ra inage  winds)  is u n l i k e l y  

s i n c e  thermal  energy  w i l l  p robably  cause  a s i g n i f i c a n t  f r a c -  

i t i o n  o f  t h e  plume t o  r i s e  above t h e  t e r r a i n .  I t  c o u l d  occur  

i .  d u r i n g  a  s t r o n g  i n v e r s i o n  (caus ing  l i m i t e d  plume r i s e )  o r  a t  

lower f l a r i n g  r a t e s  ( s i n c e  plume r i s e  i s  p r o p o r t i o n a l  t o  t h e  

I cube r o o t  o f  t h e  ene rgy  and t h u s  f l a r i n g  r a t e ) .  Should t h e  

i *Recommendation o f  M r .  N. Kennedy, ESSA/ARL, Las Vegas. 



FIGURE E-1 Dispersion versus Distance 
2700 FOOT STACK HEIGHT 
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neutral conditions 
99% released at stack height 

1% released at ground level 

Assumes average dispersion 
in 67.5' sector with 45% wind frequency. 

loe - 
Total (sum of curves) 

5 - 
L 

l . . 
n l . 
0 i l 
P, l 

l 

U) . l 

> l 
. 

l0l0 rn " l l 

. . 
1 . . 

*E l . . . . . 
. \ . .- . . 

0 . l 
5 -  3 . . 

---I,- 

10 

5 

10-l2 

5 

10-l~ 

V 

u Release at stack height (2700 feet) 
l .. 

2 . l . . 
c . l 

0 . . . .- . 
I . . 

l 

al l l 
a .  • . 
U) . l .- . 

- - 0. -- - - -. - - - -- .- .- _. _.. __ - _ - . . - - - - - - - _ - - . . . . - - . 

= 0 
l . 
l . . - . 

* a m m * * * * m m ~  . . . . 
** Ground Level Release 
l . . . - . . 

l . . . 
3 miles • - 

Distance (kilometers) 
. f ;;. 

1 5 10 5 0  100 



FIGURE E - 2  Dispersion versus Distance 
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" invers ion  case"  occur ,  t h e  e f f l u e n t  might be caught i n  t h e  

inver s ion  and poss ib ly  no t  be t r a n s p o r t e d  t o  t h e  ground u n t i l .  

t h e  inve r s ion  broke up. 

For both d i s p e r s i o n  c a l c u l a t i o n s ,  0.01 of t h e  source was 

assumed t o  be r e l e a s e d  on t h e  ground and t h e  remaining 0.99 

a t  t h e  e f f e c t i v e  s t ack  h e i g h t .  Th i s  assumption is based 

on empi r i ca l  a n a l y s i s  of  t h e  previous ly  mentioned NRDS work. 

This  concept does not  r e a l l y  imply r e l e a s e  from two p o i n t s  

bu t  r a t h e r  a  "pee l ing-off"  of  p a r t  of t h e  e f f l u e n t  dur ing  t h e  

plume r i s e .  Thus, even i f  t h e  es t imated  e f f e c t i v e  s t a c k  

h e i g h t  of about 3,000 f e e t  i s  c o r r e c t ,  some of the  e f f l u e n t  

w i l l  probably fol low t h e  v a l l e y  drainage winds.. 

The d i s p e r s i o n  curves  i n  F igures  E-1 and E-2 a r e  based on 

i d e a l i z e d  topography ( f l a t  p l a i n s )  and assumptions concern- 

ing t r a n s p o r t  winds such a s  t h e  f r a c t i o n  of t h e  e f f l u e n t  

r e l e a s e d a t  each a l t i t u d e .  ' U n c e r t a i n t i e s  caused by t h e  

complicated t e r r a i n  and u n c e r t a i n t i e s  i n  wind parameters I 
throw doubt on t h e  accuracy of e s t i m a t e s  of the  v a r i a t i o n  I 
of downwind concen t ra t ions  wi th  d i s t a n c e .  Therefore ,  a  con- 

s t a n t  d i s p e r s i o n  c o e f f i c i e n t ,  3 x lo-' sec/m3, w i l l  be 

- -  - 
assumed f o r  d i s t a n c e s  beyond t h r e e  mi les ,  t h e  d i s t a n c e  of 

----- - - - - - - - - - -. - - - - - -- - - - - - -- - - -. 

t h e  popula t ion  c l o s e s t  t o  t h e  s i t e .  This  assumes t h e  con- 

d i t i o n s  of  Figure E-1 a r e  more r e p r e s e n t a t i v e  of  t h e  long- I 
term average than  those  of Figure E-2.  I 
I t  i s  f e l t  t h a t  

- a  small  f r a c t i o n  af t h e  e f f l u e n t  w i l l  be caught i n  t h e  

Rat t lement  Creek Valley flow; 

- a t  high f l a r i n g  r a t e s ,  t h e  ma jo r i ty  of t h e  e f f l u e n t  w i l l  

r i s e  above t h e  t e r r a i n  t o  .be t r anspor ted  by t h e  r eg iona l  I 
winds. 



ATMOSPHERIC DISPERSION CALCULATIONS 

EFFECTIVE STACK HEIGHT - PLUME RISE. (From Reference 8.) 

(Br iggs '  Equat ion)  E-1  

WHERE : 

A h = t h e  e f f e c t i v e  plume r i s e  due t o  thermal  buoyancy 

above t h e  s t a c k  i n  fe.et.  For an e f f l u e n t  w i t h  h igh  

thermal  energy,  thermal  buoyancy i s  t h e  dominant 

f a c t o r  and t h e  momentum or j e t  r i s e  i s  n e g l i g i b l e .  

1 . 6  = Constant  f o r  f i t '  of  e m p i r i c a l  d a t a .  

F =  lux of  buoyancy f o r c e  from s t a c k ,  d iv ided  by. n and 

t h e  mean atmospher ic  d e n s i t y  - 4.3 x QH. The 

c o e f f i c i e n t  v a r i e s  i n v e r s e l y  w i t h  a tmospher ic  p re s su re .  

A value  of  3.18 x w a s  used f o r  Rul ison ( 8 2 0 0  f t  
4  3  MSL). QH r c a l / s e c  and F . f t  / sec  . 

U = Mean wind speed = 7 mph = 10.3 f t / s e c  

X = Dis tance  downwind from t h e  s t a c k .  Used 5280 f t  

(based on exper ience  from NRDS) , 

F = 3.18 x QH 

7 3 3 QH = 2 x 10  f t  /day x (1 ,000  ~ t u / f t  n a t u r a l  g a s )  

(252 ca: . , /~tu)  x (day/8.64 x lo4  s e c )  



1/3 u-l x2/3 Ah = .  1.6 F 

= 1.6 (1.86 x 10' f t4 sec  -3)1'3(1~.3 f t  sec -1 ) -1 (5280 it) 2/3 

u n i t s  - ft4I3 set=-' f t - l ~ e c ' f t ' / ~  = f t  

ATMOSPHERIC DISPERSION (Re ference 9 ) 

There a r e  numerous approaches f o r  e s t imat ing  downwind con- 

c e n t r a t i o n s  from r e l ea se s .  The most common i s  t o  es t imate  

short-term average (3-minute) concen t ra t ions  along t h e  cen te r -  

l i n e  of the  plume (Equation E - 2 ) .  It  was f e l t  t h a t  a  more 

represen ta t ive  value i n  t h i s  case  would be t he  cross-wind 

average fo r  t he  s ec to r  of concern (Equation E-3). Equation . 

E-3 was used t o  c a l c u l a t e  cross-wind average a i r  concen- 

t r a t i o n s  based on the  p reva i l ing  wind sec to r  and t h e  prob- 

. _ . _ab i l i t y  fo r  ,winds blowing i n t o  t h a t  s ec to r .  ---_ -_ ------ -1_ 
---- 22 - __ - -- ---_ - 

The bas i c  equat ion f o r  desc r ib ing  the  short-term average 

ground l e v e l  downwind concentra t ion  from a continuous point  

source is: 

X = Q 
'IT u 0 U ex;+ -1/2 (7 (page 6 ,  Ref. 9). E-2 

bh )2] 

Y = z 

WHERE : 

X 3 = Downwind concentra t ion  i n  u n i t s  of release/m . 
7 



Q = Source term . i n  un i t s / s ec .  

a & = Cross  wind and v e r t i c a l  d i s p e r s i o n  c o e f f i c i e n t s  
Y 

r e s p e c t i v e l y  (me te r s )  . 
(J z 

U = Wind speed (meters / sec)  

e x p  11 1: I n d i c a t e s  e  r a i s e d  t o  t h e  power &side t h e  b r a c k e t s .  

h h  = 'Plume r i s e  

The ground-level  c rosswind- in tegra ted  c o n c e n t r a t i o n  i s  given 

by : 

WHERE : 

X c w ~  = The cross-wind i n t e g r a t e d  c o n c e n t r a t i o n  i n  
3 2 (units/m ) x m o r  units/m . 

The o t h e r  symbols a r e  a s  p r e v i o u s l y  de f ined .  

To o b t a i n  t h e  c o n c e n t r a t i o n  w i t h i n  a s e c t o r ,  t h e  e q u a t i o n  

i s  m u l t i p l i e d  by t h e  f requency f and d iv ided  by t h e  arc a t  

t h e  d i s t a n c e  of i n t e r e s t  2 n X8. 

WHERE : 

X = d i s t a n c e  downwind i n  meters .  

8 = f r a c t i o n  of t h e  360" arc be ing  cons i ce red  ( e .g . , ,  

i f  60° ,  t h e n  8 = 1/6) .  



The source  i s  cons ide red  t o  be composed o f  two r e l e a s e s ;  

(1) 0.01 o f  t h e  t o t a l  r e l e a s e d  a t  t h e  s u r f a c e ,  and ( 2 )  

0.99 r e l e a s e d  a t  t h e  h e i g h t  o f  r i s e  of  t h e  plume. 

Two wind regimes were cons idered :  (1) v a l l e y  f low w i t h  

~ h =  1 ,000  f e e t ,  and ( 2 )  4h = 2700 f e e t  and t r a n s p o r t  

by  t h e  " a l o f t "  o r  r e g i o n a l  winds .  

The fo l lowing  i l l u s t r a t e s  t h e  c a l c u l a t i o n  f o r  t h e  concen- 

t r a t i o n  ( Ah = 2700 it) a t  10' km o r  6.2 m i l e s  downwind 

assuming t h e  r e g i o n a l  wind regime p r e v a i l s ,  and i g n o r i n g  

topography e f f e c t s  (XCwI becomes XAve t o  i n d i c a t e  t h e  

c o n c e n t r a t i o n  averaged c ross -wind) .  

- 2Q f  
X A - , ~  .- - exp  I -1/2 ( --n.;-- 

Q = 0.99 u n i t  p , ~ i / s e c  a t  Ah; 0.01. a t  s u r f a c e  

U = 15 mph = 6.72 m/sec 

h h  = 2700 f t  = 822 meters  

u = (C,  n e u t r a l )  .= 5  x 10  2  
2 



- 2 x 0.99 exp 
822 

j2 - -1/2 ( 500 X c w ~  5 5 x lo2 x 6.72 1.10~10 
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APPENDIX F 

TRITIUM DOSE CALCULATION 

Dose = p C i  i n t a k e  3.7 x 104d 0.01 Mev 1 . 6 ~ 1 0 - ~ e r ~ s  rad-g 
g of G i - s e c  'drad/rem Mev 100 e r g  

X 

t i s s u e  

5 8 - 6 4  x i o  s e c  = rem 
0.693 

WHERE : 

pCi i n t a k e  - i s  t h e  q u a n t i t y  inges t ed  o r  inha led .  

g of 
4 - whole body mass; 7 x 10  g  f o r  a n  a d u l t ,  o r  

t i s s u e  4 10 g f o r  a n  i n f a n t  (33 ,40)  . 
0.01 Mev - e f f e c t i v e  energy f o r  t r i t i u m  ( 3 2 , 3 3 ) .  

5 8 . 6 4 ~ 1 0  s e c  - e f f e c t i v e  b i o l o g i c a l  h a l f - l i f e  of t r i t i u m  

f o r  a d u l t s ;  10  days ( 3 2 ) .  

For an  a d u l t  t h i s  g ives :  

1.06 x  rern per p C i  i n t a k e  

I n f a n t  : 

ICRP h a s  n o t  spec i . f i ed  a  b i o l o g i c a l  e f f e c t i v e  h a l f - l i f e  

f o r  t r i t i u m  i n  an  i n f a n t ,  b u t ,  ' cons ide r ing  t h e  r e l a t i v e  

body masses and d a i l y  l i q u i d  i g t a k e  o f  a n  a d u l t  and 

i n f a n t ,  it appears t h a t  t h e  e f f g c t i v e  h a l f - l i f e  i n  an 

i n f a n t  would be much s h o r t e r  t han  f o r  a n  a d u l t .  Assum- 

i n g  a  l i t e r  per  day l i q u i d  i n t a k e  and 1 0  kg body mass, 

. the  i n t a k e  e q u a l s  t h e  body mass a f t e r  one a d u l t  e f f e c -  

t i v e  h a l f - l i f e  (10 d a y s ) .  



The following i s  proposed a s  an es t ima te  f o r  t h e  e f f e c t i v e  

b i o l o g i c a l  h a l f - l i f e  f o r  an i n f a n t :  

Assume : 

a .  Tr i t ium i s  p r imar i ly  a s s o c i a t e d  with t h e  body water .  

b. The body water  i s  r e l a t i v e l y  t h e  same f r a c t i o n  of 

t o t a l  mass i n  an i n f a n t  a s  i n  an  a d u l t .  Thus, t h e  

e f f e c t i v e  h a l f - l i f e  f o r  . a n  i n f a n t  can be sca led  t o '  

t h a t  f o r  an a d u l t  by using t h e  analogy of  a  tank  mixing 

mode 1. 

The concen t ra t ion  i n  a  tank a t  t=O, where t h e  in-  

flow equa l s  t h e  outflow and t h e  inf low concentra-  

t i o n  i s  z e r o  can be expressed by the  fol lowing 

equat ion:  

K ( t )  = KO exp-C (Q/W) t 

WHERE : 

K ( t )  i s  t h e  concen t ra t ion  a t  time t .  

i s  t h e  concen t ra t ion  a t  time t = 0. 

c - i s  a  cons tan t  - -  t o  compensate f o r  non- 
- - -- -- - - - -  - - - - - .-- 

i d e a l  mixing. - -  - - - - -  - - - 

Q i s  t h e  inf low r a t e ,  o r  human consumption. 

W i s  t h e  tank volume, o r  human body mass. 

The combination of t h e  parameters C ( O D )  a r e  analo-  

gous t o  an e f f e c t i v e -  decay cons tan t .  Assuming C i s  

e s s e n t i a l l y  t h e  same f o r  both an  i n f a n t  and an a d u l t  

(assumptions a  and b  above) ,  t h e  i n f a n t  e f f e c t i v e  

h a l f - l i f e  may be sca led  from .the a d u l t  e f f e c t i v e  

h a l f - l i f e  by t h e  r a t i o  of t h s  decay c o n s t a n t s :  



ca (Q,/wa - I n f a n t  e f f e c t i v e  
- 

ci (Qi/wi) h a l f - l i f e  

Using t h e  fo l lowing  va lues :  

Ci = Ca 

Pi and Qa a r e  1 and 2 .2  l i t e r s  p e r  day r e s p e c t i v e l y .  

Wi and Wa a r e  10 and 70 kg r e s p e c t i v e l y .  

There f o r e  : 

I n f a n t  b io -  

(10 days )  ( 2 . 2  70 kg l/day/ 10 kg =3.1 days  effective l o g i c a l  

h a l f - l i f e  

For a  1 0  kg i n f a n t :  

2.3 x rem per  w C i  i n t a k e  

The fo l lowing  i n d i c a t e s  t h e  d e r i v a t i o n  o f  t h e  dose conver-  

s i o n  parameter  f o r  t r i t i u m  c o n c e n t r a t i o n  i n  p ~ i / m l  of  body 

water  (hydrogen e q u i v a l e n t )  i n t e g r a t e d  over  a  pe r iod  o f  days  

i . e . ,  (yCi/ml) x d a y s ) .  

4  -6 
yCi-day , 3 . 7 ~ 1 0  d  0.01 Mev-rem* , 1 . 6  x 1 0  e r q s  , rad-q x 
m l  of  pCi-sec d-rad Mev 100 e r g s  
wate r  

4  6 . 3 ~ 1 0 ~ ~  (H e q u i v a l e n t  w a t e r / t o t a l  body) * , 8 . 6 4 ~ 1 0  s e c  - - 
7 x 1 0 ~  g / t o t a l  body* day 

0.46 rem 
p , ~  i-day/ml 
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APPENDIX G 

KRYPTON-85 DOSE CALCULATIONS 

Cloud Submersion Dose (Ref. 33 and 34) 

Assumptions : 

1. Spher i ca l  c loud of uniform concen t ra t ion .  The. c loud 

i s  cons idered  t o  be s p h e r i c a l  and i n f i n i t e  with r e s p e c t  t o  

t h e  range of t h e  b e t a  p a r t i c l e s .  

2 .  The r e c e p t o r  volame does not  p e r t u r b  t h e  r a d i a t i o n  f i e l d .  

3 .  Any 8 5 ~ r  i n  the lungs or d i s so lved  i n  t h e  body f a t  i s  

compensated by assuming a n  i n f i n i t e  s p h e r i c a l  or 4 n cloud.  
d 

The I C R P  (Ref. 3 3 )  assumes a 2n cloud.  

Given: 1 

1. 8 5 ~ r  e f f e c t i v e  energy 0.24 Mev 

2 .  Temperature - S O 0  F, p re s su re  750 .mb 

3 - E (Mev) 1 .6  x ( e r g s / ~ e v )  3 .7  x 101° ( d / ~ i - s e c )  (Ci/rn ) D(rem/sec) - 3 
1293 ( d e n s i t y  of air-q/m ) 100 (ergs/g-rad) (rad/rem) 

Adjus t ing  t h e  c o n s t a n t  for t h e  ambient a i r  con- 

d i t i o n s ,  and c h a n g i n g ' t h e  dose r a t e  t o  rems per  

day-- 



Dose 



APPENDIX H 

SUMMARY OF PARAMETERS FROM NVO-61 (38) 

- 
Rulison Cavi ty  (H+180 days)  

Parameter 

Cavi ty  Void 
Volume ( f t  

NVO-61 This  Report 
6 3.05 x 10 2 . 1 5  x lo6  

Cracking r a d i u s  ( f t )  485 370 

Cavi ty  r a d i u s  ( f t )  90 80 

Cavi ty  p ressu re  ( p s i a )  2,940 2,640 

Cavi ty  temperature  ( O F )  375 380 

, 

Fla r ing  Schedule and Parameters 

Parameter 

Hiqh r a t e  flow t e s t  
( f t3/day a 

Duration 

Duration 2 months 

ona term product ion 
( f t ~ d a y ) ~  

Duration 6-8 months 

Th i s  Report 

2 l o 7  

a ~ n d i c a t e d  a s  maximum flow r a t e s  



Nuclide 

Cavi ty  Inventory of Radionuclides (H+180 days)  

NVO-61 
Cur ies  

9.6 x  10  
2 

T h i s  Report 
c u r i e s  

CI 

Radionuclide Concentrat ion I n  Gas (H+180 days)  

Nuclide NVO-61 b  
Th i s  Report 

p~ i/crn3 I J . ~  i/cm3 

3~ 0.8 - 8 x  0.07 - 1.5  x  
85 Kr-- - - - -- - - -- 8 ~ - - 1 ~ - ~  - -. - -. 1. 4-x-1-0-& - 

b ~ a s e d  on c a v i t y  g a s  volume of 1.27 x  107m3 c o r r e c t e d  t o  10.8 
3  p s i  a n d O O  C ( 4 . 5 5  x lo8 f t  ) :  t h i s  r e p o r t  2 .4  x lo8  f t  3 

(NTP) . 



Dose Es t ima tes  

Dose Pathway 

Inhalation 
Adult  (at 2 m i l e s )  

Food Chain 

NV0-61" 
Max. 

Cred ib l e  
Dose (mrem) 

0.3 

Es t imates  i n  
. t h i s  ~ e ~ o r t ~  

(mrem) 

4 - 100 Conserva t ive  
~ s t i m a t e  3 

Expected 0.1 

C ~ a s e d  on maximum c r e d i b l e  a c c i d e n t  type  approach.  I t  was 

assumed 94% of  t h e  gaseous r a d i o a c t i v i t y  ( p r i m a r i l y  t r i t i u m  

and *'KI) was r e l e a s e d  i n  a  24-hour pe r iod .  

d ~ h i s  c a l c u l a t i o n  was based on f l a r i n g  a t  2 0  x l o 6  f t3/day 

f o r  1 0  days.  Two t h i r d s  of t h e  t r i t i u m  and 8 5 ~ r  i n  t h e  

c a v i t y  a r e  assumed t o  be r e l e a s e d  dur ing  t h i s  pe r iod .  
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APPENDIX I 

ACUTE AND CHRONIC DOSES FROM INGESTION OF TRITIUM 

FIGURE 1-1 

TRITIUM INGESTION MODEL 

Release  of  
T r i t i u m  + 

from W e l l  -1 Mois tu r e  
T r i t i u m  

C o n c e n t r a t i o n  

C o n c e n t r a t i o n s  
o f  T r i t i u m  i n  
Environmenta l  
Mo i s tu r e ,  Ci 
(Average o f  

Mi lk ,  Vegeta- 
t i o n ,  and 
Water) 

C o n c e n t r a t i o n  
o f  T r i t i u m  i n  

Man's Body 
Water,  Cm, V 

WHERE : 

Q - Volume,of  i n t a k ?  and e x c r e t i o n  o f  w a t e r  by man; 

Ci - T r i t i u m  c o n c e n t r a t i o n  i n  man's  i n t a k e  wa t e r .  

'm - T r i t i u m .  c o n c e n t r a t i o n  i n  man's body w a t e r .  

V - Volume of  man's body w a t e r  ; w a t e r  e q u i v a l e n t  of  

t o t a l  hydrogen.  

F igu re  1-1 i n d i c a t e s  t h e  model used t o  d e s c r i b e  t h e  exposure  

o f  man t o  t r i t i u m  by  t h e  i n g e s t i o n  pathway. 

Methods a r e  a v a i l a b l e  f o r  p r e d i c t i n g  a tmosphe r i c  c o n c e n t r a t i o n s  

which a r e  l i k e l y  t o  r ' e s u l t  from f l a r i n g  n a t u r a l  g a s  from t h e  

w e l l  head.  P r e sence  o f , t r i t i u m  i n  t h e  a tmosphere  w i l l  r e s u l t  

i n  up t ake  of t r i t i u m  by v e g e t a t i o n  b u t  i n s u f f i c i e n t  d a t a  



a r e  a v a i l a b l e  t o  d i r e c t l y  convert  atmospheric t r i t i u m  l e v e l s  

t o  t h e  corresponding l e v e l s  i n  vege ta t ion  moisture.  Conse- 

quent ly  experience from Gasbuggy w i l l  be used t o  es t ima te  

t r i t i u m  l e v e l s  i n  vege ta t ion .  A s  discussed i n  t h e  t e x t ,  t h e  - 
highes t  concent ra t ion  of t r i t i u m  i n  vege ta t ion  moisture observed . 
during environmental uampling f o r  P ro j ec t  Gasbuggy was 36 pCi/ml 

of moisture.  Allowing fo r  both a  conservat. ive assumption of 

h igher  l e v e l s  of t r i t i u m  i n  f l a r e d  ga s  from Rulison (42 u . ~ i / f t  3  

a s  compared wi th  18 ( I ~ i / f t 3  from Gasbuggy) and t h e  h igher  

expected volumes of f l a r e d  gas  (20 mi l l i on  cubic  f e e t  per 

day from Rulison a s  opposed t o  5 mi l l i on  cubic  f e e t  per  day 

from Gasbuggy), .it i s  assumed t h a t  peak l e v e l s  of t r i t i u m  i n  

vegeta t ion  moisture might range up t o  a  f a c t o r  of t e n  g r e a t e r  

than occurred wi th  Gasbuggy. The assumed maximum l e v e l  i n  

vege ta t ion  moisture might then be 360 pCi/ml of moisture.  

Based on information i n  t he  t e x t ,  it i s  assumed t h a t  t h e  con- 

c e n t r a t i o n s  of t r i t i u m  i n  milk and water w i l l  be 36 and 1 

pCi/l r e spec t i ve ly .  

Assuming a  d a i l y  human in take  of 2.2 l i t e r s  per day, of 

moisture composed of  200 m l  of vege ta t ion  moisture,  1 ,000  

m l  of milk,  and 1,000 m l  of water ,  t he  h ighes t  expected 

- . . - -  we.ighted -- . average ~ . .  - -  t r i t i u m  - - - -~ concen t ra t ion  of t he  t o t a l  d a i l y  
-- - ~ - - -. 

i n  take wou Id then be about 5 0  PC i /mlP( -36  0 x -2-0'0/22-00+~~-3-6-x- -- - - -  - -- -~ - -- - 

1000/2200 + 1 x  1000/2200 = 50 ) .  The major i ty  of t h i s  i s  

from vege ta t ion ,  about 1/3 i s  from milk,  and t h e  con t r i bu t i on  ,. 

from water i s  over an order  of magnitude l e s s  than the  vege- 

t a t i o n  and milk f r a c t i o n .  

I n  order  t o  c a l c u l a t e  poss ib le  i n t e r n a l  doses from t r i t i u m  

inges t i on ,  t h r e e  s impl i fy ing ,  conservat ive  assumptions w i l l  

be made. Assume f i r s t .  t h a t  t r i t i u m  Jeve'ls i n  vege ta t ion  

moisture e q u i l i b r a t e  e s s e n t i a l l y  ins tan taneous ly  a t  t he  peak 

l e v e l  of 360 p ~ i / m l  as soon a s  h igh-ra te  f l a r i n g  begins.  

Next assume t h a t  t r i t i u m  l e v e l s  i n  milk r i s e  and f a l l  with 



t r i t i u m  l e v e l s  i n  vegeta t ion  moisture  wi thout  any delay.  

Tr i t ium l e v e l s  i n  milk t h e r e f o r e  a r e  assumed t o  e q u i l i b r a t e  

a t  36 p ~ i / m l  a s  soon a s  h igh-ra te  f l a r i n g  begins.  Also 

assume t h a t  the  l e v e l s  of t r i t i u m  i n  vege ta t ion  moisture 

remain cons tan t  a t  t h e  peak value of 360 pCi/ml throughout 

the  three-week high-rate  f l a r i n g  per iod  and then  decay 

exponent ia l ly  with an 85-day h a l f - l i f e .  The following 

i n d i c a t e s  t h e  reasoning used i n  s e l e c t i n g  t h i s  value: 

Tr i t ium Environmental Half-Life 

The assumption of an 85-day e f f e c t i v e  h a l f - l i f e  is 

based on t h e  following information: 

1. The e f f e c t i v e  h a l f - l i f e  f o r  t r i t i u m  observed 

f o r  t h e  previous ly  mentioned sample from Gasbuggy 

(peak 36 pCi/ml of water  i n  v e g e t a t i o d w a s  85 

days (two r e s u l t s  wi th  an increment of time of 260 

days 1. 

/ 

2 .  Prel iminary information from Schooner f o r  a  

high d e s e r t  environment (about 5,000 f t  MSL) 

ind ica ted  va lues  of 70-100 days f o r  d e s e r t  p l a n t s  

such a s  Mormon Tea and G a l l e t a  Grass.  The 70-100 

day h a l f - l i f e  occurred subsequent t o  s h o r t e r  h a l f -  

l i f e s  w i t h i n  t h e  f i r s t  s e v e r a l  months a f t e r  depo- 

s i t i o n .  A 10-day h a l f - l i f e  accounted f o r  about 3/4 

of  the  t o t a l  deple t ion*.  

3. E f f e c t i v e  h a l f - l i f e  f o r  t r i t i u m  used i n  AEC 

e v a l u a t i o n ;  28  days (38) .  

*Personal communication wi th  D r .  B. Mz.son of  SWRHL ( p r e s e n t l y  

employed wi th  BMI, Las Vegas, ~ e v a d a ) .  



4 .  Mart in ,  e t .  a l .  ( 4 2 )  i n d i c a t e d  t h a t  t h e  mean 

res idence  t ime i n  s o i l  f o r  a  s u r f a c e  a p p l i c a t i o n  o f  

tritium was 37 days. 

5. The e c o l o g i c a l  h a l f - l i f e  f o r  r ad ionuc l ides  

depos i ted  on vege ta t ion  is  g e n e r a l l y  accepted t o  be 

about 14 days ( 3 7 ) .  Th i s  h a l f - l i f e  i s  l a r g e l y  due 

t o  p l a n t  growth a'nd would be longer  i n  an a r i d  

environment. 

For d ry  depos i t ion ,  t h e  predominant case  f o r  Rulison,  

t h e  predominant vege ta t ion  uptake path should be through 

d e p o s i t i o n  on t h e  vege ta t ion .  Deposi t ion on s o i l  and 

subsequent root-uptake should r e s u l t  i n  some d i l u t i o n  by 

s o i l  water .  I t  would appear t h e  e f f e c t i v e  h a l f - l i f e  of 

t r i t i u m  i n  vege ta t ion ,  contaminated by depos i t ion ,  would 

be equal  t o  o r  l e s s  than  t h e  e c o l o g i c a l  h a l f - l i f e  (14 

d a y s ) .  f o r  o the r  r ad ionuc l ides  such a s  1 3 1 ~ ,  e t c .  1t 

i s  d i f f i c u l t  t o  eva lua te  t h e  s i g n i f i c a n c e  of t r i t i u m  

uptake v i a  t h e  s o i l - r o o t  pathway f o r  t h e .  ~ u l i s o n  r e l e a s e  

s i t u a t i o n  and environment, b u t  t h i s  would inc rease  t h e  

h a l f - l i f e .  The 85-day h a l f - l i f e  observed f o r  Gasbuggy 

probably r e f l e c t s  t h e  e f f e c t  of t h e  a r i d  environment. 
- - -- - - -- - -. - -. - - -. - - - - -- - -- - . 

The Rulison environment i s  semi-arid.  Vegetat ion f o r  

human o r  domestic animal consumption' i s  l a r g e l y  i r r i g a t e d ,  

and t h u s  t h e  e f f e c t i v e  h a l f - l i f e  would be l e s s  than  t h a t  

f o r  Ga sbuggy . 

But due t o  the  lack  of s p e c i f i c  informat ion  and i n  order  

t o  be reasonably conse rva t ive ,  a  ' va lue  of 85 days f o r  

t h e  e f f e c t i v e  h a l f - l i f e  of t r i t i u m  w i l l  be used. This  

.may be conservat ive  by a  f a c t o r  ' of about  four .  

The d i s c r e p a n c i e s  betbeen t h e s e  assumptions and a c t u a l  physi- 

c a l  and b i o l o g i c a l  prqFesses a r e  obvious.  Tr i t ium w i l l  be 



gradua l ly  deposi ted on vege ta t ion ,  probably reaching a  peak , 

value a t  t h e  end of the  h igh-ra te  f l a r i n g  period.  Levels . 

of t r i t i u m  i n  milk w i l l  be a f f e c t e d  by t h e  b i o l o g i c a l  h a l f -  

l i f e  of t r i t i u m  i n  caws and w i l l  t h e r e f o r e  l a g  behind 

inc reases  i n  environmental ' l e v e l s .  These assumptions 

r e s u l t  i n  c a l c u l a t e d  doses which a r e  conservat ive* ,  b u t  

they  al low comparison of the  acu te  dose rece ived  during t h e  

f l a r i n g  period with the  chronic  dose r e s u l t i n g  from r e s i d u a l  

t r i t i u m  concen t ra t ions  i n  vegeta t ion .  More complex models 

could be formulated,  but  the  d a t a  a v a i l a b l e  do not j u s t i f y  

more complex formulat ions.  

Tr i t ium concen t ra t ions  i n  the  human water  in take  arid i n  

human body water  which would r e k u l t  from t h e  above assump- 

t i o n s  would vary w i t h  time a s  shown i n  Figures  1-2 and 1-3. 

The do t t ed  l i n e  on Figure 1-2 i n d i c a t e s  t h e  genera l  form.of  

expected a c t u a l  v a r i a t i o n  with time of t r i t i u m  l e v e l s  i n  

human water in take .  

*The es t ima t ion  of t h e  acu te  dose may be conservat ive  by a  

f a c t o r  of two t o  t h r e e  . ( r ec tang le  phase i n  Figure 1-3 ) , 
b u t  t h i s  i s  only a f r a c t i o n  of  t h e  t o t a l  dose. 
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.. . . -U-s-ing-the-se -ass.umpt i o n s ,  _ t h e _  t r  i t ium-concentrat ion i n  man C s -  - -- 

body wa te r ,  Cm, during t h e  per iod  O I t 5 2 1  days i s  given by 

'm = ~ ~ ( O ) ( l - e x p - J ~ t )  
Equation 1-1 

WHERE 

1, = b i o l o g i c a l  c o n s t a n t  of t r i t i u m  i n  man = l n ( 2 )  
b i o l o g i c a l  
h a l f - l i f e  of 
t r i t i u m  i n  man 

For t , 2 1  days,, t h e  average t r i t i u m  concen t ra t ion  i n  man's 

i n t a k e  water  i s  given by 



Equation 1-2  

WHERE 
C 

-. Ai = decay cons tan t  f o r  t r i t i u m  i n  vege ta t ion  moisture  = - 
l n  ( 2  

85 days 

C, 

For the  per iod t > 2 1  days,  an express ion  f o r  the  t r i t i u m  con- 

c e n t r a t i o n  i n  man's bodywate r  i s  der ived  by cons ider ing  t h e  

body t o  be a  tank o r  r e s e r v o i r  i n  which the  in take  water  i s  

assumed t o  be completely and ins tan taneous ly  mixed. Where 

Q i s  the  in take  water ( 2 . 2  l i t e r s / d a y )  and V i s  t h e  volume 

of body water  (water equiva lent  of hydrogen) ,  an a c t i v i t y  

o r  mass balance of t h e  t r i t i u m  flow through t h e  body r e s u l t s  

i n  the  d i f f e r e n t i a l  equat ion . 

dCm (Q/v)(c m - ci) + -  = 0 , d t  Equation 1-3 

f o r  t721  days 

This  equat ion  can be solved through normal techniques t o  y i e l d  

Cm (21  days)  exp-tl (Q/V) Equation 1-4. 

WHERE 

tl 
= t - 2 1 d a y s  

Cm(21 days)  = l e v e l  of t r i t i u m  i n  body water  a t  t h e  end 

of  t h e  three-week h igh-ra te  f l a r i n g  period.  

The q u a n t i t y  (Q/V) i n  Equation 1-4 i s  equ iva len t  t o  a  b io-  

l o g i c a l  cons tan t .  I f  va lues  of Q=2.2 l i t e r s / d a y  and V = 



63 l i t e r s  a r e  s u b s t i t u t e d  t o  c a l c u l a t e  t h e  corresponding 

b i o l o g i c a l  h a l f - l i f e ,  t h e  value 13.5 days r e s u l t s .  The 

development above assumes t h a t  t r i t i u m  i n t e r a c t s  only wi th  

wa te r ,  b u t  t r i t i u m  i n  t h e  body i s  a l s o  a s s o c i a t e d  wi th  hydro- 

carbons i n  food and i s  excre ted  wi th  s o l i d s  a s  w e l l  a s  wi th  

l i q u i d s ,  r e s u l t i n g  i n  a b i o l o g i c a l  h a l f - l i f e  of  10 days ( 3 2 ) .  
- - l"o i n  Equation 1-4 s i m p l . ~ f i e s  S u b s t i t u t i n g  (Q/v) = A, days 

Cm (21  days ) exp-rmtl Equation 1-5 

The i n t e r n a l  dose r e s u l t i n g  from t r i t i u m  i n  body water  can 

be c a l c u l a t e d  by i n t e g r a t i n g  Cm over t h e  per iod  of i n t e r e s t  

and mul t ip ly ing  t h e  r e s u l t  ( i n  u n i t s  o f  pCi-days/ml) by an  

appropr ia t e  dose conversion f a c t o r  ( 4 . 6 ' ~  mill irem/day)/  

p ~ i / m l ) * .  I t  i s  of  i n t e r e s t  t o  compute the  dose rece ived  

dur ing  t h e  h igh-ra te  f l a r i n g  period from t = 0 through t = 21 

days ( t h e  "acute"  dose)  and compare it wi th  t h e  dose rece ived  

from r e s i d u a l  t r i t i u m  l e f t  i n  vege ta t ion  moisture  a f t e r  t h e  

end of  t h e  h igh-ra te  per iod  ( t h e  "chronic"  d o s e ) .  

- 1n(2)  = 0.0693 days-' Using ~ ~ ( 0 )  = 50 pCi/ml and A m  - days 
and i n t e g r a t i n g  Equation 1-1, t h e  "acute"  dose rece.ived 

dur ing  t h e  f i r s t  21 days i s  es t imated  t o  be about  0.2 m i l l i -  
- ln(') = 0.0231 days-' and i n t e g r a t i n g  rem. Using Xi - 85 Czys 

Equation 1-5, t h e  " c h . ~ o n i c "  dose received from t = 21 days 

t o  i n f i n i t y  i s  es t imated  t o  be about 3 mi l l i rem.  The 

important conclusion of  t h i s  e x e r c i s e  i s  t h a t  t h e  "chronic"  

dose i s  more than an  order  of magnitude g r e a t e r  than  t h e  

"acute  " dose. 

*Derived i n  Appendix F. 
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